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PREFACE 


This book and the accompanying map is chiefly intended for the 
Hse of lunar observers, but it is hoped it may be acceptable to 
many who, though they cannot strictly he thus described, take a 
general interest in astronomy. 

The increasing number of those who possess astronomical 
telescopes, and devote more or less of their leisure in following 
some particular line of research, is shown by the great success in 
recent years of societies, such as the British Astronomical Associa- 
tion with its several branches, the Astronomical Society of the 
Pacific, and similar institations in various parts of the world. 
These societies are not only doing much in popularising the 
snblimest of the sciences, but are the means of developing and 
organising the capabilities of their members by discouraging aim- 
less and desultory observations, and by pointing out how individual 
effort may be utilised and made of permanent value in almost 
every department of astronomy. 

The work of the astronomer, like that of the votary of almost 
every other science, is becoming every year more and more 
specialised; and among its manifold subdivisions, the study of the 
physical features of the moon is undoubtedly increasing in popu- 
larity and importance. To those who are pursuing such observa- 
tions, it is believed that this book will he a useful companion to 
the telescope, and convenient for reference. 

Great care has been taken in the preparation of the map, whict, 
so far as the i^ositions of the various objects represented are con- 
cerned, is based on the last edition of Beer and Madler’s chart, 
and on the more recent and much larger aud elaborate map of 
Schmidt; while as regards the shape and details of most of the 
formations, the author’s drawings and a large number of photo- 
graphs have been utilised. Even on so small a scale as eighteen 
inches to the moon’s diameter, more detail might have been in- 
serted, but this, at the expense of distinctness, would have detracted 
from the value of the map for handy reference in the usually dim 
light of the observatory, without adding to its utility in other 
ways. Every named formation is prominently shown; and most 
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other features of interest, iucludiiig the principal rill-systenjs, are 
represented, though, as regards these, no attempt is made to 
indicate all their manifold details and ramifications, which, to 
do effectually, would in very many instances require a map on a 
much larger scale than any that has yet appeared. 

The insertion of meridian lines and parallels of latitude at every 
ten degrees, and the substitution of names for reference numbers, 
will add to the usefulness of the map. 

With respect to the text, a large proportion of the objects 
in the Catalogue and in the Appendix have been observed and 
drawn by the author many times during the last thirty years, and 
described in The Observatory and other publications. He has 
had, besides, the advantage of consulting excellent sketches by 
Mr W. H. Maw, F.R.A.S., Dr. Sheldon, F.RA.S., Mr. A. Mee, 
F.RA.S., Mr. G. P. Hallowes, F.RA.S., Dr. Smaet, F.RA.S., 
Mr. T. Gordon, F.R.A.S., Mr. G. T. Davis, Herr Brenner, Herr 
Krieger, Mr. H. Corder, and other members of the British Astro- 
nomical Association. Through the courtesy of Professor Holden, 
Director of the Lick Observatory, and M. Prtnz, of the Royal 
Observatory of Brussels, many beautiful photographs and direct 
photographic enlargements have been available, as have also the 
exquisite heliogravures received by the author from Dr. L. Weineic, 
Director of the Imperial Observatory of Prague, and the admirable 
examples of the photographic work of MM. Paul and PROSPER 
Henry of the Paris Observatory, which are occasionally published 
in Knowledge. The numerous representations of lunar objects 
which have appeared from time to time in that storehouse of 
astronomical information, The English Mechanic, and the invalu- 
able notes in "‘Celestial Objects for Common Telescopes,’^ and in 
various periodicals, by the late Rev. Prebendary Webb, to whom 
Selenography and Astronomy generally owe so much, have also 
been consulted. . 

As a rule, all the more prominent and important features are 
described, though very frequently interesting details are referred 
to which, from their minuteness, could not be shown in the map. 
The measurements (given in round numbers) are derived in most 
instances from Neison’s (Nevill) “Moon,” though occasionally 
those in the introduction to Schmidt’s chart are adopted. 

THOMAS GYWN ELGER. 


Bedford, 1895. 
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INTEODUOTION 


We know, botk by tradition and pnblislied records, that from the 
earliest times the faint grey and light spots which diversify the 
face of onr satellite excited the wonder and stimulated the curiosity 
of mankind, giving rise to suppositions more or less crude and 
erroneous as to their actual nature and significance. It is true 
that Anaxagoras, five centuries before our er^, and probably other 
philosophers preceding him, — certainly Plutarch at a much later 
date — taught that these delicate markings and differences of tint, 
obvious to every one with normal vision, point to the existence of 
hills and valleys on her surface ; the latter maintaining that the 
irregularities of outline laresented by the “ terminator,’’ or line of 
demarcation between the illumined and unillumined portion of 
her spherical superficies, are due to mountains and their shadows ; 
but more than fifteen centuries elapsed before the truth of this 
sagacious conjecture was unquestionably demonstrated. Seleno- 
graphy, as a branch of observational astronomy, dates from the 
spring of 1609, when Galileo directed his ‘'optic tube” to the 
moon, and in the following year, in the Sidereus Nuncius, or "the 
Intelligencer of the Stars,” gave to an astonished and incredulous 
world an account of the unsuspected marvels it revealed. In this 
remarkable little book we have the first attempt to represent the 
telescopic aspect of the moon’s visible surface in the five rude 
woodcuts representing the curiou.8 features he perceived thereon, 
whose form and arrangement, he tells us, reminded him of the 
"ocelli” on the feathers of a peacock’s tail, — a quaint but not 
altogether inappropriate simile to describe the appearance of 
groups of the larger ring-mountains partially illuminated by the 
sun, when seen in a small telescope. 

The bright and dusky areas, so obvious to the unaided sight, 
were found by Galileo to be due to a very manifest difference in 
the character of the lunar surface, a large portion of the northern 
hemisphere, and no inconsiderable part of the south-eastern 
quadrant, being seen to consist of large grey monotonous tracts, 
often bordered by lofty mountains, while the remainder of the 
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superficies was mucli more conspicuously brilliant, and, moreover, 
included by far the greater number of those curious ring-moun- 
tains and other extraordinary features whose remarkable asx3ect 
and peculiar arrangement first attracted his attention. Struck by 
the analogy which these contrasted regions present to the land 
and water surfaces of our globe, he susj)ected that the former are 
represented on the moon by the brighter and more rugged, and 
the latter by the smoother and moi^e level areas ; a view, however, 
which Kepler more distinctly formulated in the dictum, Do 
maculas esse Maria, do lucidas esse terras.” Besides making 
a rude lunar chart, he estimated the heights of some of the ring- 
mountains by measuring the distance from the terminator of their 
bright summit peaks, when they were either coming into or 
passing out of sunlight ; and though his method was incapable of 
accuracy, and his results consequently untrustworthy, it served to 
demonstrate the immense altitude of these circumvallations, and 
to show how greatly they exceed any mountains on the earth 
if the relative dimensions of the two globes are taken into con- 
sideration. 

Before the close of the century when selenograj)hy first 
became possible, Hevel of Dantzig, Scheiner, Langrenus (cos- 
mographer to the King of Spain), Riccioli, the Jesuit astro- 
nomer of Bologna, and Dominic Cassini, the celebrated French 
astronomer, greatly extended the knowledge of the moon’s surface, 
and published drawings of various phases, and charts, which, 
though very rude and incomplete, were a clear advance ujpon 
what Galileo, with his inferior optical means, had been able to 
accomplish. Langrenus, and after him Hevel, gave distinctive 
names to the various formations, mainly derived from terrestrial 
physical features, for which Eiccioli subsequently substituted 
those of philosophers, mathematicians, and other celebrities ; and 
Cassini determined by actual measurement the relative j)Osition 
of many of the principal objects on the disc, thus laying the 
foundation of an accurate system of lunar topography ; while the 
labours of T. Mayer and Schroter in the last century, and of 
Lohrmann, Madler, Neison (Nevill), Schmidt, and other observers 
in the present, have been mainly devoted to the study of the 
minuter detail of the moon and its physical characteristics. 

As was manifest to the earliest telescopic observers, its visible 
surface is clearly divisible into strongly contrasted areas, differing 
both in colour and structural character. Somewhat less than 
half of what we see of it consists of comparatively level dark 
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tracts, some of tliem very many thousands of square miles in 
extent, the monotony of whose dusky superficies is often unre- 
lieved for great distances by any prominent’ object; while the 
remainder, every wdxere manifestly brighter, is not only more 
rugged and uneven, but is covered to a much gx'eater extent 
with numbers of quasi- circular formations, differing widely in size, 
classed as walled-plains, ling-plains, craters, craterlets, crater- 
cones, &c. (the latter bearing a great outward resemblance to some 
terrestrial volcanoes), and mountain ranges of vast proportions, 
isolated hills, and other features. 

Though nothing resembling sheets of water, either of small or 
large extent, have ever been detected on the surface, the super- 
ficial resemblance, in small telescopes, of the lai'ge grey tracts to 
the appearance which we may siqipose our terrestrial lakes and 
oceans would present to an observer on the moon, naturally 
induced the early selenographers to term them Maria, or “seas’’ 
— a convenient name, which is still maintained, without, however, 
inil)lying that these areas, as we now see them, are, or ever were, 
covered with water. Some, however, regard them as old sea-beds, 
from which every trace of fluid, owing to some unknown cause, 
has vanished, and that the folds and wrinkles, the ridges, swellings, 
and other peculiarities of structure observed upon them, represent 
some of the results of alluvial action. It is, of course, possible, 
and even •|)robaI)lo, that at a remote epoch in the evolution of our 
satellite these lower regions w'ero occupied by water, but that 
their surface, as it now appears, is actually this old sea-bottom, 
seems to be less likely than that it represents the consolidated 
crust of some semi-lluid or viscous material (possibly of a basaltic 
type) which has welled forth from orifices or rents communicat- 
ing with the interior, and overspread and partially filled up 
these immense hollows, more or less overwhelming and destroying 
many formations which stood ui^on them before this catastrophe 
took place. Though this, like many other speculations of a 
similar character relating to lunar geology,” must remain, at 
least for the present, as a mere hypothesis ; indications of this 
partial destruction by some agency or other is almost everywhere 
apparent in those formations which border the so-called seas, as, 
for exa,mpl(‘., Fracastorius in the Mare Nectaris; Le Moiinier 
in the Mare Tranquilitatis ; Pitatus and Hesiodus, on the south 
side of the Mar© Nubium ; Doppelmayer in the Mare ITumorum, 
and in many other situations; while no observer can fail to 
notice innumerable instances of more or less complete oblitera- 
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tion and ruin among objects within these areas, in the form of 
obscure rings (mere scars on the surface), dusky ci*aters, circular 
arrangements of isolated hills, reminding one of the monoliths 
of a Druidical temple; all of which we are justified in concluding 
were at one time formations of a normal type. It lias been held 
by some selenologists — and Schmidt appears to be of the number, 
— that, seeing the comparative scarcity of large ring-plains and 
other massive formations on the Maria, these grey plains repre- 
sent, as it were, a picture of the primitive surface of the moon 
before it was disturbed by the operations of interior forces ; but 
this view affords no explanation of the undoubted existence 
of the relics of an earlier lunar world beneath their smooth 
superficies. 

Makia. — Leaving, however, these considerations for a more 
particular description of the Maria, it is clearly impossible, in 
referring to their level relatively to the higher and brighter 
land surface of the moon, to appeal to any hypsometrical 
standard. All that is known in this respect is, that they are 
invariably lower than the latter, and that some sink to a 
greater depth than others, or, in other words, that they do not 
all form a part of the same sphere. Though they are more 
or less of a greyish-slaty hue — some of them approximating very 
closely to that of the pigment known as ‘‘ Payne's grey ” — the 
tone, of course, depends upon the angle at which the solar rays 
impinge on that particular portion of the surface under observation. 
Speaking generally, they are, as would follow from optical considera- 
tions, conspicuously darker when viewed near the terminator, or 
when the sun is either rising or setting upon them, than under 
a more vertical angle of illumination. But even when it is possible 
to compare their colour by eye -estimation under similar solar 
altitudes, it is found that not only are some of the Maria, as a 
whole, notably darker than others, but nearly all of them exhibit 
local inequalities of hue, which, under good atmospheric and instru- 
mental conditions, are especially remarkable. Under such cir- 
cumstances I have frequently seen the surface, in many places 
covered with minute glittering points of light, shining with a 
silvery lustre, intermingled with darker spots and a network of 
streaks far too delicate and ethereal to represent in a drawing. 
In addition to these contrasts and differences in the sombre tone 
of these extended plains, many observers have remarked traces 
of a yellow or green tint on the surface of some of them. Por 
example, the Mare Imbrium and the Mare Frigoris appear under 
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certain conditions to be o£ a dirty yellow-green hue, the central 
parts of the Mare Ilixmorum dusky green, and part of the Mare 
Serenitatis and the Mar© Orisium light green, while the 3 ?alus 
Somnii has been noted a golden-brown yellow. To these may be 
added the district round Taruntius in the Mar© Eoocunditatis, and 
portions of other regions referred to in the catalogue, where I 
have remarked a very decided sepia colour under a low sun. It 
has been attempted to account for these phenomena by supposing 
the existence of some kind of vegetation ; but as this involves the 
presence of an atmosphere, the idea hardly finds favour at the 
present time, though perhaps the possibility of plant growth in 
the low-lying districts, whore a gaseous medium may prevail, is 
not altogether so chinuuucal a notion as to be unworthy of con- 
sideration. Nasmyth and others suggest that these tints may be 
due to broad expanses of coloured volcanic material, an hypothesis 
which, if we believe the Maria to be overspread with such matter, 
and knowing how it varies in colour in terrestrial volcanic regions, 
is more probable than the first. Anyway, whether we consider 
these appearances to b© objective, or, after all, only due to purely 
physiological causes, they undoubtedly merit closer study and 
investigation than they liave hitherto received. 

There are twenty-three of these* dusky areas which have received 
distinctive names ; seventeen of them are wholly, or in great part, 
coniined to tlie northern, and to thc’i south-eastern quarter of the 
southc^rn hesmisphere— the south-westt^rn quadrant being to a great 
extent devoid of tluun. By far the largest is the vast Ooeanus 
rroo(*,ll;uMun, extending from a high northeim latitude to beyond 
latitude io‘' in the south-eastern cpiadrant, and, according to 
Schmidt, with its bays and inilections, occu])ying an area of nearly 
two million square miles, or more than that of all the remaining 
Maria put together. Next in order of sim como the Mare Nixbium, 
of about one-fifth the Buperficios, covering a larger portion of the 
south-eastern (jiiadrant, and extending considerably north of tlie 
(‘quator, and the Mare Imbrium, wholly confined to the north- 
eastcuii ([uadrant, and including an area of about 340,000 square 
rnilt'S. T1 u‘.sb are by far tlu^ largest lunar The Mare 

Faicunditatis, in the western hemisphei'O, the gre^nku* part of it 
lying in the south-western (juadrant, is scarcely half so big as the 
Mare Imbrium; while the Maria Scnxmitatis and Tranquilitatis, 
about equal in men (the former situated wholly north of the 
equator, and the latter only partially extmiding south of it), are still 
smaller. The arctic Mme Frigoris, some I00,000 square milcss in 
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extent, is the only remaining large sea, — the rest, such as the Mare 
Vaporum, the Sinus Medii, the Mare Orisinm, the Mare Huinorum, 
and the Mare Humboldtiannm, are of comparatively small dimen- 
sions, the Mare Orisinm not greatly exceeding 70,000 square miles, 
the Mare Hiimorum (about the size of England) 50,000 square 
miles, while the Mare Humboldtiannm, according to Schmidt, 
includes only about 42,000 square miles, an area which is ap- 
proached by some formations not classed with the Maria. This dis- 
tinction, speaking generally, prevails among the Maria, — those of 
larger size, such as the Oceanus Procellarum, the Mare Nubium, 
and the Mare Eoecunditatis, are less definitely enclosed, and, like 
terrestrial oceans, communicate with one another ; while their 
borders, or, if the term may be allowed, their coast-line, is often 
comparatively low and ill-defined, exhibiting many inlets and 
irregularities in outline. Others, again, of considerable area, as, 
for example, the Mare Serenitatis and the Mare Imbrium, are 
bounded more or less completely by curved borders, consisting of 
towering mountain ranges, descending with a very steep escarp- 
ment to their surface : thus in form and other characteristics 
they resemble immense wall-surrounded plains. Among the best 
examples of enclosed Maria is the Mare Orisinm, which is con- 
sidered by Heison to be the deepest of all, and the Mare 
Humboldtianum. 

Though these great plains are described as level, this term must 
only be taken in a comparative sense. No one who observes them 
when their surface is thrown into relief by the oblique rays of 
the rising or setting sun can fail to remark many low bubble- 
shaped swellings with gently rounded outlines, shallow trough-like 
hollows, and, in the majority of them, long sinuous ridges, either 
running concentrically with their borders or traversing them from 
side to side. Though none of these features are of any great 
altitude or depth, some of the ridges are as much as 700 feet in 
height, and probably in many instances the other elevations often 
rise to 150 feet or more above the low-lying parts of the plains 
on which they stand. Hence we may say that the Maria are only 
level in the sense that many districts in the English Midland 
counties are level, and not that their surface is absolutely flat. The 
same may be said as to their apparent smoothness, which, as is 
evident when they are viewed close to the terminator, is an expres- 
sion needing qualification, for under these conditions they often 
appear to be covered with wrinkles, flexures, and little asperities, 
which, to be visible at all, must be of considerable size. In fact, 
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were it possible to examine them from a distance of a few miles, 
instead of from a standpoint which, under the most favourable cir- 
cumstances, cannot be reckoned at less than 300, and this through 
an interposed aerial medium always more or less perturbed, they 
would probably be described as rugged and uneven, as some modern 
lava sheets. 

Ridges. — Among the Maria which exhibit the most remarkable 
arrangement of ridges is the Mare Humorum, in the south-eastern 
quadrant. Here, if it be observed under a rising sun, a number 
of these objects will be seen extending from the region north of 
the ring-mountain Yitello in long undulating lines, roughly con- 
centric with the western border of the ‘‘ sea/’ and gradually 
diminishing in altitude as they spread out, with many ramifica- 
tions, to a distance of 200 miles or more towards the north. At 
this stage of illumination they are strikingly beautiful in a good 
telescope, reminding one of the ripple-marks left by the tide on a 
soft sandy beach. Like most other objects of their class, they are 
very evanescent, gradually disappearing as the sun rises higher in 
the lunar firmament, and ultimately leaving nothing to indicate 
their presence beyond here and there a ghostly streak or vein of 
a somewhat lighter hue than that of the neighbouring surface. 
The Mare Nectaris, again, in the south-western quadrant, presents 
some fine examples of concentric ridges, which are seen to the 
best advantage when the morning sun is rising on Rosse, a pro- 
minent crater north of Fracastorius. This sea ” is evidently 
concave in cross-section, the central portion being considerably 
lower than the margin, and these ridges appear to mark the suc- 
cessive stages of the change of level from the coast-line to the 
centre. They suggest the “ caving in ” of the surface, similar to 
that observed on a frozen pond or river, where the “ cat’s ice ” at 
the edge, through the sinking of the water beneath, is rent and 
tilted to a greater or less degree. The Mare Serenitatis and the 
Mare Imbrium, in the northern hemisphere, are also remarkable 
for the number of these peculiar features. They are very plenti- 
fully distributed round the margin and in other parts of the former, 
which includes besides one of the longest and loftiest on the moon’s 
visible surface — the great serpentine ridge, first drawn and de- 
scribed nearly a hundred years ago by the famous selenographer, 
Schroter of Lilienthal. Originating at a little crater under the 
north-east wall of great ring-plain Posidonius, it follows a winding 
course across the Mare toward the south, throwing out many minor 
branches, and ultimately dies out under a great rocky promontory 
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— the Promontory Acherusia, at the western termination of the 
Hmmns range. A comparatively low power serves to show the 
cnrions structural character of this immense ridge, which appears 
to consist of a number of corrugations and folds massed together, 
rising in places, according to Neison, to a height of 700 feet and 
more. The Mare Imbrium also affords an example of a ridge, 
which, though shorter, is nearly as prominent, in that which runs 
from the bright little ring-plain Piazzi Smyth towards the west 
side of Plato. The region round Timocharis and other quarters 
of the Mare are likewise traversed by very noteworthy features 
of a similar class. The Oceanus Procellarum also presents good 
instances of ridges in the marvellous ramifications round Encke, 
Kepler, and Marius, and in the region north of Aristarchus and 
Herodotus. Perhaps the most perfect examples of surface swell- 
ings are those in the Mare Tranquilitatis, a little east of the ring- 
plain Arago, where there are two nearly equal circular mounds, 
at least ten miles in diameter, resembling tumuli seen from above. 
Similar, but more irregular, objects of a like kind are very plenti- 
ful in many other quarters. 

It is a suggestive peculiarity of many of the lunar ridges, both 
on the Maria and elsewhere, that they are very generally found in 
association with craters of every size. Illustrations of this fact 
occur almost everywhere. Frequently small craters are found on 
the summits of these elevations, but more often on their flanks 
and near their base. Where a ridge suddenly changes its direc- 
tion, a crater of some prominence generally marks the point, often 
forming a node, or crossing-place of other ridges, which thus appear 
to radiate from it as a centre. Sometimes they intrude within the 
smaller ring-mountains, passing through gaps in their walls, as, for 
example, in the cases of Madler, Lassell, &c. Yarious hypotheses 
have been advanced to account for them. The late Professor 
Phillips, the geologist, who devoted much attention to the tele- 
scopic examination of the physical features of the moon, compared 
the lunar ridges to long, low, undulating mounds, of somewhat 
doubtful origin, called ‘^kames’’ in Scotland, and ‘‘eskers” in 
Ireland, where on the low central plain they are commonly 
found in the form of extended banks (mainly of gravel), with 
more or less steep sides, rising to heights of from 20 to 70 
feet. They are sometimes only a few yards wide at the top, 
while in other places they spread out into large humps, having 
circular or oval cavities on their summits, 50 or 60 yards 
across, and as much as 40 feet deep. Like the lunar ridges, they 
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throw out branches and exhibit many breaches of continuity. By 
some geologists they are supposed to represent old submarine 
banks formed by tidal currents, like harbour bars, and by others to 
be glacial deposits ; in either case, to be either directly or indirectly 
due to alluvial action. Their outward resemblance to some of the 
ridges on the moon is unquestionable; and if we could believe 
that the Maria, as we now see them, are dried-up sea-beds, it 
might be concluded that these ridges had a similar origin; but 
their close connection with centres of volcanic disturbance, and 
the numbers of little craters on or near their track, point to the 
supposition that they consist rather of material exuded from long- 
extending fissures in the crust of the '^seas,” and in other surfaces 
where they are superimposed. This conjecture is rendered still 
more probable by the fact that we sometimes find the direction of 
clefts (which are undoubted surface cracks) prolonged in the form 
of long narrow ridges or of rows of little hillocks. We are, how- 
ever, not bound to assume that all the manifold corrugations ob- 
served on the lunar plains are due to one and the same cause; 
indeed, it is clear that some are merely the outward indications 
of sudden drops in the surface, as in the case of the ridges 
round the western margin of the Mare Nectaris, and in other 
situations, where subsidence is manifested by features assuming 
the outward aspect of ordinary ridges, but which are in reality 
of a very different structural character. 

The Maria, like almost evei'y other part of the visible surface, 
abound in craters of a minute type, which are scattered here and 
there without any apparent law or ascertained principle of arrange- 
ment. Seeing how imperfect is our acquaintance with even the 
larger objects of this class, it is rash to insist on the antiquity or 
permanence of such diminutive objects, or to dogmatise about the 
cessation of lunar activity in connection with features where the 
volcanic history of our globe, if it is of any value as an analogue, 
teaches us it is most likely to prevail. 

Most observers will agree with Schmidt, that observations and 
di'a wings of objects on the sombre depressed plains of the moon 
are easier and pleasanter to make than on the dazzling highlands, 
and that the lunar ‘‘ sea ” is to the working selenographer like an 
oasis in the desert to the traveller— a relief in this case, however, 
not to an exhausted body, but to a weary eye. 

King-Mountains, Oeaters, &c. — It is these objects, in their 
almost endless variety and bewildering number, which, more than 
any others, give to our satellite that marvellous appearance in the 
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telescope which since the days of Galileo has never failed to evoke 
the astonishment of the beholder. However familiar we may be 
with the lunar surface, we can never gaze on these extraordinary 
formations, whether massed together apparently in inextricable 
confusion, or standing in isolated grandeur, like Copernicus, on 
the grey surface of the plains, without experiencing, in a scarcely 
diminished degree, the same sensation of wonder and admiration 
with which they were beheld for the first time. Although the 
attempt to bi'ing all these lizarre forms under a rigid scheme of 
classification has not been wholly successful, their structural 
peculiarities, the hypsometrical relation between their interior 
and the surrounding district, their size, and the character of their 
circumvallation, the dimensions of their cavernous opening as 
compared with that of the more or less truncated conical mass of 
matter surrounding it, all afford a basis for grouping them under 
distinctive titles, that are not only convenient to the seleno^- 
grapher, but which undoubtedly represent, as a rule, actual 
diversities in their origin and physical character. 

These distinguishing titles, as adopted by Schroter, Lohrmann, 
and Madler, and accepted by subsequent observers, are Walled- 
Plains, Mountain Einos, Eing-Plains, Ckatees, Okater-Oones, 
Oeaterlets, Crateb-Pits, Depressions. 

Walled-Plains. — These formations, approximating more or less 
to the circular form, though frequently deviating considerably from 
it, are among the largest enclosures on the moon. They vary 
from upwards of 150 to 60 miles or under in diameter, and are 
often encircled by a complex rampart of considerable breadth, 
rising in some instances to a height of 12,000 feet or more above 
the enclosed plain. This rampart is rarely continuous, but is gene- 
rally interrupted by gaps, crossed by transverse valleys and passes, 
and broken by more recent craters and depressions. As a rule, 
the area within the circumvallation (usually termed ‘‘ the floor ”) is 
only slightly, if at all, lower than the region outside : it is very 
generally of a dusky hue, similar to that of the grey plains or 
Maria, and, like them, is usually variegated by the presence of 
hills, ridges, and craters, and is sometimes traversed by delicate 
furrows, termed clefts or rills. 

Ptolemceios, in the third quadrant, and not far removed from the 
centre of the disc, may be taken as a typical example of the class. 
Here we have a vast plain, 115 miles from side to side, encircled 
by a massive but much broken wall, which at one peak towers 
more than 9000 feet above a level floor, which includes details of 
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a very remarkable cliaracter. The adjoining JLl^plionsus is another, 
but somewhat smaller, object of the same type, as are also Alba-- 
tegnius, and Arzacliel ; and Plato, in a high northern latitude, with 
its noble many-peaked rampart and its variable steel-grey in- 
terior. Grimaldi, near the eastern limb (perha^DS the darkest area 
on the moon), Sdiichard, nearly as big, on the south-eastern limb, 
and Bailly, larger than either (still farther south in the same 
quadrant), although they approach some of the smaller '‘seas’^ 
in size, are placed in the same category. The conspicuous central 
mountain, so frequently associated with other types of ringed 
enclosures, is by no means invariably found within the walled- 
plains ; though, as in the case of Petavms, Lango'cmis, Gassendi, 
and several other noteworthy examples, it is very prominently 
displayed. The progress of sunrise on all these objects affords a 
magnificent spectacle. Very often when the rays impinge on their- 
apparently level floor at an angle of from i° to 2°, it is seen to 
be coarse, rough grained, and covered with minute elevations, 
although an hour or so afterwards it appears as smooth as glass. 

Although it is a distinguishing characteristic that there is no 
great difference in level between the outside and the inside of a 
walled-plain, there are some very interesting exceptions to this 
rule, which are termed by Schmidt ‘‘Transitional forms.” Among 
these he places some of the most colossal formations, such as 
damns, Maurolyms, Stojler, Janssen, and Longomontamis. The 
first, which may be taken as representative of the class (well 
known to observers as one of the grandest of lunar objects), 
has a deeply sunken floor, fringed with mountains rising some 
12,000 feet above it, though they scarcely stand a foui'th of this 
height above the plain on the west, which ascends with a very 
gentle gradient to the summit of the wall. Hence the contrast 
between the shadows of the peaks of the western wall on the floor 
at sunrise, and of the same peaks on the region west of the border 
at sunset is very marked. In Gassendi, Pliocylides, and Wargentin. 
we have similar notable departures from the normal type. The 
floor of the former on the north stands 2000 feet above the Mare 
Humorum. In Pliocylides, probably through “faulting,” one por- 
tion of the interior suddenly sinks to a considerable depth below 
the remainder ; while the very abnormal Wargenim has such an 
elevated floor, that, when viewed under favourable conditions, it 
reminds one of a shallow oval tray or dish filled with fluid to 
the point of overflowing. These examples, very far from being 
exhaustive, will be sufficient to show that the walled-plains exhibit 
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noteworthy differences in other respects than size, height of ram- 
part, or included detail. Still another peculiarity, confined, it is 
believed, to a very few, may be mentioned, viz., convexity of floor, 
prominently displayed in Petavius, Mersenius, and Hevel. 

Mountain Rings. — These objects, usually encircled by a low and 
broken border, seldom more than a few hundred feet in height, 
are closely allied to the walled-plains. They are more frequently 
found on the Maria than elsewhere. In some cases the ring con- 
sists of isolated dark sections, with here and there a bright mass 
of rock interposed ; in others, of low curvilinear ridges, forming 
a more or less complete circumvallation. They vary in size 
from 6o or 70 miles to 1 5 miles and less. The great ring north 
of Flamsteed, 60 miles across, is a notable example ; another lies 
west of it on the north of Wichmann ; while a third will be found 
south-east of Encke; — indeed, the Mare Procellarum, abounds 
in objects of this type. The curious formation on the Mare Im- 
brium immediately south of Plato (called '"Newton” by Schroter), 
may be placed in this category, as may also many of the low dusky 
rings of much smaller dimensions found in many quarters of the 
Maria. As has been stated elsewhere, these features have the 
of having once been formations of a much more pro- 
minent and important character, which have suffered destruction, 
more or less complete, through being partially overwhelmed by the 
material of the "seas.” 

Ring-Plains. — These are by far the most numerous of the 
ramparted enclosures of the moon, aud though it is occasionally 
diflicult to decide in which class, walled-plain or ring-plain, some 
objects should be placed, yet, as a rule, the difference between the 
structural character of the two is abundantly obvious. The ring- 
plains vary in diameter from sixty to less than ten miles, and are 
far more regular in outline than the walled-plains. Their ram- 
parts, often very massive, are more continuous, and fall with a 
steep declivity to a floor almost always greatly depressed below 
the outside region. The inner slopes generally, dis^ffay subor- 
dinate heights, called terraces, arranged more or less concentrically, 
and often extending in successive stages nearly down to the 
interior foot of the wall. With the intervening valleys, these 
features are very striking objects when viewed under good con- 
ditions with high powers. In some cases they may possibly 
represent the effects of the slipping of the upper portions of the 
wall, from a want of cohesiveness in the material of which it is 
composed ; but this hardly explains why the highest terrace often 
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stands n-early as liig’h as the rampart. Nasmyth, in his eruption 
hypothesis, suggests that in such a case there may have been two 
eruptions from the same vent ; one powerful, which formed the 
exterior circle, and a second, rather less powerful, which has 
formed the interior circle. Ultimately, however, coming to the 
conclusion that terraces, as a rule, are not due to any such freaks 
of the eruption, he ascribes them to landslips. In any case, we 
can hardly imagine that material standing at such a high angle of 
inclination as that forming the summit ridge of many of the ring-" 
plains would not frequently slide down in great masses, and thus 
form irregular plateaus on the lower and flatter portions of the 
slope ; but this fails to explain the symmetrical arrangement of 
the concentric terraces and intermediate valleys. The inner 
declivity of the north-eastern wall of Plato exhibits what to all 
appearance is an undoubted landslip, as does also that of Hercules 
on the northern side, and numerous other cases might be adduced ; 
but in all of them the appearance is very different from that of 
the true tei'race. 

The glacis^ or outer slope of a ring-plain, is invariably of a 
much gentler inclination than that which characterises the inner 
declivity : while the latter very frequently descends at an angle 
varying from 60° to 50*^ at the crest of the wall, to from 10° to 2° 
at the bottom, where it meets the floor ; the former extends for 
a great distance at a very flat gradient before it sinks to the 
general level of the surrounding country. It differs likewise from 
the inner descent, in the fact that, though often traversed by 
valleys, intersected by deep gullies and irregular depressions, and 
covered with humpy excrescences and craters, it is only rarely 
that any features comparable to the terraces, usually present on 
the inner escarpment, can be traced upon it. 

Elongated depressions of irregular outline, and very variable in 
size and depth, are frequently found on the outer sloiDes of the 
border. Some of them consist of great elliptical or sub-circular 
cavities, displaying many expansions and contractions, called 
“pockets,” and suggesting the idea that they were originally 
distinct cup-shaped hollows, which from some cause or other have 
coalesced like rows of inosculating craters. While many of these 
features are so deep that they remain visible for a considerable 
time under a low sun, others, though perhaps of greater extent, 
vanish in an hour or so. 

As in the case of the walled-plains, the ramparts of the ring- 
plains exhibit gaps and are broken by craters and depressions, 
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but to a much less extent. Often the lofty crest, surmounted by 
uiguilles or by blunter peaks, towering in some cases to nearly 
double its altitude above the interior, is perfectly continuous 
(like Copernicus), or only interrupted by narrow passes. It is 
a suggestive circumstance that gaps, other than valleys, are 
almost invariably found either in the north or south walls, or 
in both, and seldom in other positions. The buttress, or long- 
extending spur, is a feature frequently associated with the ring- 
plain rampart, as are also numbers of what, for the lack of a 
better name, must be termed little hillocks, which generally 
radiate in long rows from the outer foot of the slope. The 
spurs usually abut on the wall, and, either spreading out like the 
sticks of a fan or running roughly parallel to each other, extend 
for long distances, gradually diminishing in height and width till 
they die out on the surrounding surface. They have been com- 
pared to lava streams, which those round Aristillus, Aristoteles, 
and on the flank of Olavius a, certainly somewhat resemble, 
though, in the two former instances, they are rather comparable 
to immense ridges. In addition to the above, the spurs radi- 
ating from the south-eastern rampart of Oondamine and the long 
undulating ridges and rows of hillocks running from Oyrillus 
over the eastern glacis of Theophilus, may be named as very 
interesting examples. 

Neison and some other selenographers place in a distinct 
•class certain of the smaller ring-plains which usually have a 
steeper outer slope, and are supposed to present clearer indications 
of a volcanic origin than the ring-plains, terming them “ Orater- 
plains.” 

Craters. — Under this generic name is placed a vast number 
of formations exhibiting a great difference in size and outward 
characteristics, though generally (under moderate magnification) 
of a circular or sub-circular shape. Their diameter varies from 

1 5 miles or more to 3, and even less, and their flanks rise much 
more steeply to the summit, which is seldom very lofty, than 
those of the ring-plains, and fall more gradually to the floor. 
There is no portion of the moon in which they do not abound, 
whether it be on the ramparts, floors, and outer slopes of walled 
and ring plains, the summits and escarpments of mountain ranges, 
amid the intricacies of the highlands, or on the grey surface of 
the Maria. In many instances they have a brighter and newer 
aspect than the larger formations, often being the most brilliant 
points on their walls, when they are found in this position. Very 
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frequently too they are not only very bright themselves, but stand 
on bright areas, whose borders are generally concentric with them, 
which shine with a glistening lustre, and form a kind of halo of 
light around them. Enclides and Bessarion a, and the craters east 
of Landsberg, are especially interesting examples. It seems not 
improbable that these areas may repi-esent deposits formed by 
some kind of matter ejected from the craters, but whether of 
ancient or modern date, it is, of course, impossible to determine. 
Future observers will perhaps be in a better position to decide the 
question without cavil, if such eruptions should again take place. 
Like the larger enclosures, these smaller objects frequently encroach 
upon each other — crater-ring overlapping crater-ring, as in the 
•case of Thebit, where a large crater, which has interfered with the 
continuity of the east wall, has, in its turn, been disturbed by a 
smaller crater on its own east wall. The craters in many cases, 
possibly in the majority if we could detect them, have central 
mountains, some of them being excellent tests for telescopic defi- 
nition — as, for example, the central peaks of Hortensius, Bessarion, 
and that of the small crater just mentioned on the east wall of 
Thebit A. A tendency to a linear arrangement is often displayed, 
•especially among the smaller class, as is also their occurrence in 
pairs. 

Okater-Cones. — These objects, plentifully distributed on the 
lunar surface, are especially interesting from their outward re- 
semblance to the parasitic cones found on the flanks of terrestrial 
volcanoes (Etna, for instance). In the larger examples it is 
occasionally possible to see that the interiors are either inverted 
cones without a floor, or cup-shaped depressions on the summit of 
the object. Frequently, however, they are so small that the orifice 
•can only be detected under oblique illumination. Under a high 
sim they generally appear as white spots, more or less ill-defined, 
as on the floors of Archimedes, Fracastorius, Plato, and many 
•other formations, which include a great number, all of which are 
probably crater cones, although only a few have been seen as 
such. It is a significant fact that in these situations they are 
always found to be closely associated with the light streaks which 
traverse the interior of the formations, standing either on their 
surface or close to their edges. The instrumental and meteoro- 
logical requirements necessary for a successful scrutiny of the 
smallest type of these features, are beyond the reach of the ordi- 
nary observer in this country, as they demand direct observation 
in large telescopes under the best atmospheric conditions. 
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Some years ago Dr. Klein of Cologne called attention to some 
very interesting types of crater-cones, which may be found on 
certain dark or smoky-grey areas on the moon. These, he con- 
siders, may probably represent active volcanic vents, and urges 
that they should be diligently examined and watched by observers 
who possess telescopes adequate to the task. The most noteworthy 
examples of these objects are in the following positions: — (i) 
West of a prominent ridge running from Beaumont to the west 
side of Tlieophilus, and about midway between these formations ; 
(2) in the Mare Vaporum, south of Hyginus ; (3) on the floor of 
Werner, near the foot of the north wall; (4) under the east wall 
of Alphonsus, on the dusky joatch in the interior; (s) on the 
south side of the floor of Atlas. I have frequently described 
elsewhere with considerable detail the telescopic appearance of 
these features under various phases, and have pointed out that 
though large apertures and high powers are needed to see these 
cones to advantage, the dusky areas, easily traced on photograms, 
might be usefully studied by observers with smaller instruments^ 
as if they represent the ejecta from the crater-cones which stand 
upon them, changes in their foi’m and extent could very possibly 
he detected. In addition to those already referred to, a number 
of mysterious dark spots were discovered hy Schmidt in. the dusky 
region about midway between Copernicus and Gambart, which Klein 
describes as perforated like a sieve with minute craters. A short 
distance south-west of Copernicus stands a bright crater-cone 
surrounded by a grey nimbus, which may he classed with these 
obj ects. It is well seen under a high light, as indeed is the case 
with most of these features. 

CRA.TJSELETS, OiUTER-Pirs. — To a great extent the former term 
is needless and misleading, as the so-called craters merge hy im- 
perceptible gradations into very minute objects, as small as half a 
mile in diameter, and most probably, if we could more accurately 
estimate their size, still less. The crater-pit, however, has well- 
marked peculiarities which distinguish it from all other types, 
such as the absence of a distinguishable rim and extreme shal- 
lowness. They appear to he most numerous on the high-level 
plains and plateaus in the south-western quadrant, and may be 
counted by hundreds under good atmospheric conditions on the 
outer slopes of Walter, Olavius, and other large enclosures. In 
these positions they are often so closely aggregated that, as 
Nasmyth remarks, they remind one of an accumulation of froth. 
Even in an 8|-inch reflector I have frequently seen the outer 
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slope of the large ring-plain on the north-western side of Ven- 
delinxis, so perforated with these objects that it resembled pumice 
or vesicular lava, many of the little holes being evidently not cir- 
cular, but square shaped and very irregular. The interior of 
Stadius and the region outside abounds in these minute features, but 
the well-known crater-row between this formation and Copernicus 
seems rather to consist of a number of inosculating crater-cones, 
as they stand very evidently on a raised bank of some altitude. 

Mountain Ranges, Isolated Mountains, &c.— The more mas- 
sive and extended mountain ranges of the moon are found in 
the northern hemisphere, and (what is significant) in that portion 
of it which exhibits few indications of other superficial disturbances. 
The most prominently developed systems, the Al;ps, the Caucasus, 
and the Apminincs, forming a mighty western rampart to the Mare 
Imbrium and giving it all the appearance of a vast walled plain, 
present few points of resemblance to any terrestrial chain. The 
former include many hundred peaks, among which, Mont Blanc 
rises to a height of 12,000 feet, and a second, some distance west 
of Plato, to nearly as great an altitude ; while others, ranging from 
5000 to 8000 feet, are common. They extend in a south-west direc- 
tion from Plato to the Caucasus, terminating somewhat abruptly, 
a little west of the central meridian, in about N. lat. 42°. One of 
the most interesting features associated with this range is the so- 
called great Alpine valley, which cuts through it west of Plato. 
The Ccmccmcs consist of a massive wedge-shaped mountain land, 
projecting southwards, and partially dividing the Mare Imbrium 
from the Mare Serenitatis, both of which they flank. Though with- 
out peaks so lofty as those pertaining to the Alps, there is one, im- 
mediately east of the ring-plain Calippus, which, towering to 19,000 
feet, surpasses any of which the latter system can boast. The 
Apennines, however, are by far the most magnificent range on the 
visible surface, including as they do some 3000 peaks, and extending 
in an almost continuous curve of more than 400 miles in length 
from Mount Hadley, on the north, to the fine ring-plain Eratos- 
thenes, which forms a fitting termination, on the south. The great 
headland Mount Hadley rises more than 15,000 feet, while a neigh- 
bouring promontory on the south-east of it is fully 14,000 feet, and 
another, close by, is still higher above the Mare. Mount Huygens, 
again, in N. lat. 20*^, and the square-shaped mass Mount Wolf, 
near the southern end of the chain, include ]peaks standing 18,000 
and 12,000 feet respectively above the plain, to which their 
flanks descend with a steep declivity. The counterscarp of the 
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Apennines, in places i6o miles in width, from east to west, runs 
down to the Mare Vaporum with a comparatively gentle inclination. 
It is everywhere traversed by winding valleys of a very intricate 
type, all trending towards the south-west, and includes some 
bright craters and mountain-rings. The Carpatlimns, forming in 
part the southern border of the Mare Imbrium, extend for a length 
of more than i8o miles eastward of B., long. i6°, and, embracing 
the ring-plain Gay-Lussac, terminate west of Mayer. They pre- 
sent a less definite front to the Mare than the Apennines, and are 
broken up and divided by irregular valleys and gaps ; their loftiest 
peak, situated on a very projecting promontory north-west of 
Mayer, rising to a height of 7000 feet. Notwithstanding their 
comparatively low altitude, the region they occupy forms a fine 
telescopic picture at lunar sunrise. The Sinus Iridum highlands, 
bordering the beautiful bay on the north-east side of the Mare 
Imbrium, rank among the loftiest and most intricate systems on 
the moon, and, like the Apennines, present a steep face to the 
grey plain from which they rise, though differing from them in 
other respects. They include many high peaks, the loftiest, in 
the neighbourhood of the ring-plain Sharp, rising 15,000 feet. 
There are probably some still higher mountains in the vicinity, 
but the difficulties attending their measurement render it impos- 
sible to determine their altitude with any approach to accuracy. 

The Taurus Mountains extend from the west side of the Mare 
Serenitatis, near Le Monnier and Littrow, in a north-westerly 
direction towards Geminus and Berselius, bordering the west 
side of the Lacus Somniorum. They are a far less remarkable 
system than any of the preceding, and consist rather of a wild 
irregular mountain region than a range. In the neighboui'hood 
of Berselius are some peaks which, according to Neison, cannot be 
less than 10,000 feet in height. 

On the north side of the Mare Imbrium, east of Plato, there is 
a beautiful narrow range of bright outlying heights, called the 
Teneriffe Mountains, which include many isolated objects of con- 
siderable altitude, one of the loftiest rising about 8000 feet. 
Farther towards the east lies another group of a very similar 
character, called the Straight Range, from its linear regularity. It 
extends from west to east for a distance of about 60 miles, being a 
few miles shorter than the last, and includes a peak of 6000 feet. 

The Harlinger Mountains, — A remarkable group, north-west of 
Aristarchus, including some peaks as high as 7000 feet, and other 
details noticed in the catalogue. 
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The above comprise all the mountam ranges in the northern 
hemisphere of any prominence, or which have received distinctive 
names, except the HeTcynian Mountains^ on the north-east limb, east 
of the walled plain Otto Struve. These are too near the edge to 
be well observed, but, from what can be seen of them, they appear 
to abound in lofty peaks, and to bear more resemblance to a ter- 
restrial chain than any which have yet been referred to. 

The mountain systems of the southern hemisphere, except the 
ranges visible on the limb, are far less imxoosing and remarkable 
than those just described. The Pyrenees, on the western side of 
the Mare Nectaris, extend in a meridional direction for nearly 
I go miles, and include a x^^^^k east of Guttemberg of nearly 
12,000 feet, and are traversed in many places by fine valleys. 

7 yie AlkvL Mountains form a magnificent chain, 275 miles in 
length, commencing on the outer eastern slope of Piccolomini, 
and following a tolerably direct north-east course, with a few 
minor bendings, to the west side of Fermat, where they turn more 
towards the north, ultimately terminating about midway between 
Tacitus and Oatherina. The region situated on the south-east 
is a great table-land, without any prominent features, rising 
gently towards the mountains, which shelve steeply down to an 
equally barren exx)anse on the nox'th-west, to which they x)resent a 
lofty face, having an average altitude of about 6000 feet. The 
loftiest peak, over 13,000 feet, rises west of Fermat. 

The Itiylumn Mountains, a remarkably bright grouxx, occupying 
an isolated x^osition in the Mare Procellarnm south of Landsberg, 
and extending for more than 100 miles in a meridional direction. 
They are most closely aggregated at a x^oint nearly due west of 
Euclides, from which they throw off long-branching arms to the 
north and south, those on the north bifurcating and gradually 
sinking to the level of the xfia-iu. The loftiest peaks are near the 
extremity of this section, one of them rising to 3000 feet. Two 
bright craters are associated with these mountains, one nearly 
central, and the other south of it. 

The Percy Moimtams, — This name is given to the bright high- 
lands extending east of Gassendi towards Mersenius, forming the 
north-eastern border of the Mare Humorum. They abound in 
minute detail — bright little mountains and ridges — and include 
some clefts pertaining to the Mersenins rill-system ; but their 
most noteworthy feature is the long bright mountain-arm, branch- 
ing out from the eastern wall of Gassendi, and extendixig for more 
than so miles towards the south-east. 
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The principal ranges on tli6 limb are the L 6 il)%itz ]\£ouut(ii%s, 
extending from S. lat. on the west to S. lat. 8o on the east 
limb. They include some giant peaks and plateaus, noteworthy 
objects in profile, some of which, according to Schroter and Miidler, 
rise to 26,000 feet. The Bdrfel Mountains, between S. lat. 8o° and 
57® on the eastern limb, include, if Schroter^s estimate is correct, 
three peaks which exceed 26,000 feet. On the eastern limb, be- 
tween S. lat. 35^ and 18°, extend the llooh Mountains, which have 
peaks, according to Schroter, as high as 25,000 feet. Next in order 
come the Cordilleras, which extend to S. lat. 8°, and the D^Alcni- 
hert Mountains, lying east of Eocca and Grimaldi, closely associated 
with them, and probably part of the same system. Some of 
the peaks approach 20,000 feet. In addition to these mountain 
ranges there are others less prominent on the limb in the 
northern hemisphere, which have not been named. 

Isolated Mountains are very numerous in different parts of 
the moon, the most remarkable are referred to in the appendix. 
Many remain unnamed. 

Clefts or Bills. — Though Fontenelle, in his Entretiens sur 
la FluraliU des Monies, informs his pupil, the Marchioness, that 
“ M. Cassini discovered in the moon something which separates, 
then reunites, and finally loses itself in a cavity, which from its 
appearance seemed to be a river,’’ it can hardly be supposed that 
what the Prench astronomer saw, or fancied he saw, with the 
imperfect telescopes of that day, was one of the remarkable and 
enigmatical furrows termed clefts or rills, first detected by the 
Hanoverian selenographer Schroter; who, on October 7 ? 17 ^ 7 ? 
covered the very curious serpentine cleft near Herodotus, having 
a few nights before noted for the first time the great Alpine 
valley west of Plato, once classed with the clefts, though it 
is an object of a very different kind. Between 1787 and 1797 
Schroter found ten rills; but twenty years elapsed before an 
addition was made to this number by the discoveries of Gruit- 
huisen, and, a short time after, by those of Lohrmann, who in 
twelve months (1823-24) detected seventy. Kinau, Madler, 
and finally Schmidt, followed, till, in i866, when the latter 
published his work, TJeber Billen auf dem Monde, the list was thus 
summarised : — 

In the ist or N.W. quadrant 127 rills 
,, 2nd ,, N.E. ,, 75 ” 

,, 3rd „ S.E. , „ 141 „ 

„ 4th „ S.W. „ 82 „ 
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or 425 in all. Since the date of this book the number of known 
rills has been more than doubled; in fact, scarcely a Innation 
passes without new discoveries being made. 

The significance of the word rilU in German, a groove or furrow, 
describes with considerable accuracy the usual appearance of the 
objects to which it is applied, consisting as they do of long narrow 
channels, with sides more or less steep, and sometimes vertical. 
They often extend for hundreds of miles in approximately straight 
lines over joortions of the moon’s surface, frequently traversing in 
their course ridges, craters, and even more formidable obstacles, 
without any apparent check or interruption, though their ends are 
sometimes marked by a mound or crater. Their length ranges 
from ten or twelve to three hundred miles or more (as in the 
great Sirsalis rill), their breadth, which is very variable within 
certain limits, from less than half a mile to more than two, and 
their depth (which must necessarily remain to a great extent 
problematical) from 100 to 400 yards. They exhibit in the 
telescope a gradation from somewhat coarse grooves, easily visible 
at suitable times in very moderately sized instruments, to stri£© 
so delicate as to require the largest and most perfect optical 
means and the best atmospheric conditions to be glimpsed at 
all. Viewed under moderate amplification, the majority of rills 
resemble deep canal-like channels with roughly parallel sides, 
displaying occasionally local irregularities, and fining off to 
invisibility at one or both ends. But, if critically scrutinised in 
the best observing weather with high powers, the apparent even- 
ness of their edges entirely disappears, and we find that the latter 
exhibit indentations, projections, and little flexures, like the banks 
of an ordinary stream or rivulet, or, to use a very homely simile, 
the serrated edges and little jagged irregularities of a biscuit 
broken across. In some cases we remark crateriform hollows or 
sudden expansions in their course, and deep sinuous ravines, which 
render them still more unsymmetrical and variable in breadth. 
With regard to their distribution on the lunar surface ; they are 
found in almost every region, but perhaps not so frequently 
on the surface of the Maria as elsewhere, though, as in the 
case of the Ti-iesnecker and other systems, they often abound 
in the neighbourhood of disturbed regions in these plains, and in 
many cases along their margins, as, for example, the Gassendi- 
Mersenius and the Sabine-Eitter groups. The interior of walled 
plains are fi'equently intersected by them, as in Gassendi, where 
nearly forty, more or less delicate examples, have been seen; 
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in Heyel, wliere there is a very interesting system of crossed clefts, 
and within Posidonius. If we study any good modern lunar map, it 
is evident how constantly they appear near the borders of mountain 
ranges, walled-plains, and ring-plains ; as, for instance, at the foot 
of the Apennines ; near Archimedes, Aristarchus, Eamsden, and in 
many other similar positions. Bugged highlands also are often tra- 
versed hy them, as in the case of those lying west of Le Monnier 
and Ohacornac, and in the region west of the Mare Hnmoriim. It 
may be here remarked, however, as a notable fact, that the neigh- 
bourhood of the grandest ring-mountain on the moon, Copernicus, 
is, strange to say, devoid of any features which can be classed as true 
clefts, though it abounds in crater-rows. The intricate network 
of rills on the west of Triesnecker, when observed with a low 
power, reminds one of the wrinkles on the rind of an orange 
or on the skin of a withered apple. Gruithuisen, describing the 
rill-traversed region between Agrip]3a and Hyginus, says that ‘‘it 
has quite the look of a Dutch canal map.’’ In the subjoined 
catalogue many detailed examples will be given relating to the 
course of these mysterious furrows ; how they occasionally traverse 
mountain arms, cut through, either completely or partially (as in 
Eamsden), the borders of ring-plains and other enclosures, while 
not unfrequently a small mound or similar feature appears to 
have caused them to swerve suddenly from their path, as in the 
case of the Ariadaeus cleft, and in that of one member of the 
Mercator-Campanus system. 

Of the actual nature of the lunar rills we are, it must be 
confessed, supremely ignorant. With some of the early observers 
it was a very favourite notion that they are artificial works, 
constructed presumably by Kepler’s siCb-vohmii, or by other 
intelligences. There is perhaps some excuse to be made for 
the freaks of an exuberant fancy in regard to objects which, if 
we ignore for a moment their enormous dimensions, judged hy 
a terrestrial standard, certainly have, in their apparent absence of 
any physical relation to neighbouring objects, all the appearance 
of being works of art rather than of nature. The keen-sighted 
and very imaginative Gruithuisen believed that in some instances 
they represent roads cut thi-ough interminable foi*ests, and in 
others the dried-up beds of once ^mighty rivers. His description of 
the Triesnecker rill-system reads like a page from a geogra]phical 
primer. A portion of it is compared to the river Po, and he 
traces its course mile by mile up to the “ delta ” at its place of 
disemhoguement into the Mare Yaporum. Prom the position of 
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some rills with respect to the contour of the surrounding country, 
it is evident that if water were now present on the moon, they, being 
situated at the lowest level, would form natural channels for its 
reception ; but the exceptions to this arrangement are so numerous 
and obvious, that the idea may be at once dismissed that there is 
any analogy between them and our rivers. The eminent seleno- 
graplier, the late W. E. Birt, compared many of them to “ inverted 
river-beds,’’ from the fact that, as often as not, they become 
broader and deeper as they attain a higher level. The branches 
resemble rivers more frequently than the main channels ; for they 
generally commence as very fine grooves, and, becoming broader 
and broader, join them at an acute angle. An attempt again has 
been made to compare the lunar clefts with those vast gorges, the 
marvellous results of aqueous action, called canons, which attain 
their greatest dimensions in North America ; such as the Great 
Canon of the Colorado, which is at least 300 miles in length, and 
in places 2000 yards in depth, with perpendicular or even over- 
hanging sides ; but the analogy, at first sight specious, utterly 
breaks dowm under closer examination. Some selenographers 
consider them to consist of long-extending rows of confluent 
craters, too minute to be separately distinguished, and to be 
thus due to some kind of volcanic action. This is undoubtedly 
true in many instances, for almost every lunar region afEords 
examples of crater-rows merging by almost imperceptible grada- 
tions into cleft-like features, and crater-rows of considerable size 
resemble clefts under low powers. Still it seems probable that 
the greater number of these features are immense furrows or 
cracks in the surface and nothing more ; for the higher the mag- 
nifying power employed in their examination, the less reason there 
is to object to this description. Dr. Klein of Cologne believes that 
rills of this class are due to the shrinkage of parts of the moon’s 
crust, and that they are not as a rule the result of volcanic causes, 
though he admits that there may be some which have a seismic 
origin. No good reason has as yet been given for the fact 
that they so frequently cross small craters and other objects 
in their course, though it has been suggested that the route 
followed by a rill from crater to crater in these instances may be 
a line of least surface resistance, an explanation far from being 
satisfactory. 

Whether variations in the visibility of lunar details, when ob- 
served under apparently similar conditions, actually occur from 
time to time from some unknown cause, is one of those vexed 
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I questions which will only be determined when the moon is sys- 
I tematically studied by experienced observers using the finest in- 
struments at exceptionally good stations ; but no one who examines 
existing records of observations of rills by Gruithuisen, Lohrmann, 
Madler, Schmidt, and other observers, can well avoid the conclu- 
sion that the anomalies brought to light therein point strongly to 
the probability of the existence of some agency which occasionally 
modifies their appearance or entirely conceals them from view. 

The following is one illustration out of many which might be 
quoted. At a point in its course, nearly due north of the ring- 
plain Agrippa, the great Ariadjous cleft sends out a branch which 
runs into the well-known Hyginus cleft, reminding one, as Dr. 
Klein remarks, of two rivers connected in the shortest way by a 
canal. This uniting furrow was detected by Gruithuisen, who 
observed it several times. On some occasions it appeared perfectly 
straight, at others very irregular ; but, what is very remarkable, 
although two such accurate observers as Lohrmann and Miidler 
frequently scrutinised the region, neither of them saw a trace of 
this object; and but for its rediscovery by Schmidt in 1862, its 
existence would certainly have been ignored by selenographers as 
a mere figment of Gruithuisen’s too lively imagination. Dr. Klein 
has frequently seen this rill with great distinctness, and at other 
times sought for it in vain ; though on each occasion the condi- 
tions of illumination, libration, and definition were practically 
similar. I have sometimes found this cleft an easy object with a 
4-inch achromatic. Again, many rills described by Miidler as very 
delicate and difficult to trace, may now be easily followed in 
common telescopes.^’ In short, the more direct telescopic obser- 
vations accumulate, and the more the study of minute detail is 
; extended, the stronger becomes the conviction, that in spite of 
the absence of an appreciable atmosphere, there may be something 
resembling low-lying exhalations from some parts of the surface 
\ which from time to time are sufficiently dense to obscure, or even 
obliterate, the region beneath them. 

If, as seems most probable, these gigantic cracks are due to 
contractions of the moon’s surface, it is not impossible, in spite of 
I, the assertions of the text-books to the effect that our satellite 
j is now ‘‘ a changeless world,” that emanations may proceed from 
I these fissures, even if, under the monthly alternations of extreme 
temperatures, surface changes do not now occasionally take 
place from this cause also. Should this be so, the appearance 
of new rills and the extension and modification of those already 
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existing may reasonably be looked for. Many instances might be 
adduced tending to confirm this supposition, to one of which, as 
coming under my notice, I will briefly refer. On the evening of 
November 1 1, 1883, when examining the interior of the great ring- 
plain Mersenins with a power of 350 on a 8| reflector ; in addition 
to the two closely parallel clefts discovered by Schmidt, running 
from the inner foot of the north-eastern rampart towards the 
centre, I remarked another distinct cleft crossing the northern part 
of the floor from side to side. Shortly afterwards, M. Gaudibert, 
one of our most experienced selenographers, who has dis- 
covered many hitherto unrecorded clefts, having seen my drawing, 
searched for this object, and, though the night was far from 
favourable, had distinct though brief glimpses of it with the 
moderate magnifying power of 100. Mersenius is a formation 
about 40 miles in diameter, with a ^Drominently convex interior, 
containing much detail which has received more than ordinary 
attention from observers. It has, moreover, been specially mapped 
by Schmidt and others, yet no trace of this rill was noted, 
though objects much more minute and difficult have not been 
overlooked. Does not an instance of this kind raise a well- 
grounded suspicion of recent change which it is difficult to explain 
away? 

To see the lunar clefts to the best advantage, they must be 
looked for when not very far removed from the terminator, as 
when so situated the black shadow of on© side, contrasted with 
the usually brightly-illuminated opposite flank, renders them 
more conspicuous than when they are viewed under a higher sun. 
Though, as a rule, invisible at full moon, some of the coarser 
clefts — as, for example, a portion of the Hyginus furrow, and that 
north of Birt — may be traced as delicate white lines under a nearly 
vertical light. 

For properly observing these objects, a power of not less than 
300 on telescopes of large aperture is needed; and in studying 
their minute and delicate details, we are perhaps more dependent 
on atmospheric conditions than in following up any other branch 
of observational astronomy. Few indeed are the nights, in our 
climate at any rate, when the rough, irregular character of the 
steep interior of even the coarser examples of these immense 
chasms can be steadily seen. We can only hope to obtain a more 
perfect insight into their actual structural peculiarities when they 
are scrutinised under more perfect climatic circumstances than 
they have been hitherto. When observing the Hyginus cleft, 
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Dr. Klein noticed that at one place the declivities of the interior 
displayed decided differences of tint. At many points the reflected 
sunlight was of a distinctly yellow hue, while in other places it 
was white, as if the cliffs were covered with snow. He compares 
this portion of the rill to the Ehine valley between Bingen and 
Coblentz, hut adds that the latter, if viewed from the moon, 
would probably not present so fresh an appearance, and would, of 
course, be frequently obscured by clouds. 

Since the erection of the great Lick telescope on Mount 
Hamilton, our knowledge of the details of some of the lunar clefts 
has been greatly increased, as in the case of the Ariadaeus cleft, 
and many others. Professor W. H. Pickering, also, at Arequipa, 
has made at that ideal astronomical site many observations which, 
when published, will throw more light upon their peculiar charac- 
teristics. 

A few years ago M. E. L. Trouvelot of Meudon drew attention 
to a curious appearance which he noted in connection with certain 
rills when near the terminator, viz., extremely attenuated threads 
of light on their sites and their apparent prolongations. He 
observed it in the ring-plain Eudoxus, crossing the southern side 
of the floor from wall to wall; and also in connection with the 
prominent cleft running from the north side of Burg to the west 
of Alexander, and in some other situations. He terms these 
phenomena Murs enigmatigiies. Apparent prolongations of clefts 
in the form of rows of hillocks or small mounds are very common. 

Fmdts , — These sudden drops in the surface, representing local 
dislocations, are far from unusual: the best examples being the 
straight wall, or ‘‘ railroad,’’ west of Birt ; that which strikes 
obliquely across Plato ; another which traverses Phocylides ; and a 
fourth that has manifestly modified the mountain arm north of 
Cichus. They differ from the terrestrial phenomena so designated 
in the fact that the surface indications of these are destroyed by 
denudation or masked by deposits of subsequent date. In many 
cases on the moon, though its course cannot be traced in its 
entirety by its shadow, yet the existence of a fault may be inferred 
by the displacement and fracture of neighbouring objects. 

Valleys. — Features thus designated, differing greatly both in 
size and character, are met with in almost every part of the 
surface, except on the grey plains. While the smallest examples, 
from their delicacy, tenuity, and superficial resemblance to rills, 
are termed rill-valleys, the larger and more conspicuous assume 
the appearance of coarse chasms, gorges, or trough-like depres- 
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sions. Between these two extremes, are many objects o£ moderate 
dimensions — winding or straight ravines and defiles hounded hy 
steep mountains, and shallow dales fianked by low rounded heights. 
The rill valleys are very numerous, only differing in many in- 
stances from the true rills in size, and are probably due to the 
same cause. Among the most noteworthy valleys of the largest 
class must, of course, be placed the great valley of the Alps, one of 
the most striking objects in the northern hemisphere, which also 
includes the great valley south-east of Ukert. The Eheita valley, 
the very similar chasm west of Reichenbach, and the gorge west 
of Herschel, are also notable examples in the southern hemi- 
sphere. The borders of some of the Maria (especially that of the 
Mare Orisium) and of many of the depressed rimless formations, 
furnish instances of winding valleys intersecting their borders : 
the hilly regions likewise often abound in long branching defiles. 

Bright Ray-Systems. — Reference has already been made to 
the faint light streaks and markings often found on the floors 
of the ring-mountains and in other situations, and to the bril- 
liant nimli surrounding some of the smaller craters ; but, in 
addition to these, many objects on the moon’s visible surface 
are associated with a much more remarkable and conspicuous 
phenomenon — the bright rays which, under a high sun, ai*e seen 
either to radiate from them as apparent centres to great dis- 
tances, or, in the form of irregular light areas, to environ them, 
and to throw out wide-spreading lucid beams, extending occa- 
sionally many hundreds of miles from their origin. The more 
striking of these systems were recognised and drawn at a very 
early stage of telescopic observation, as may be seen if we con- 
sult the quaint old charts of Hevel, Eiccioli, Fontana, and other 
observers of the seventeenth century, where they are always pro- 
minently, though very inaccurately, portrayed. The principal 
ray-systems are those of Tycho, Copernicus, Kepler, Anaxagoras, 
Aristarchus, Gibers, Byrgius A, and Zuchius; while Autolycus, 
Aristillus, Proclus, Timocharis, Furnerius A, and Menelaus are 
grouped as constituting minor systems. Many additional centres 
exist, a list of which will be found in the appendix. 

The rays emanating from Tycho surpass in extent and interest 
any of the others. Hundreds of distinct light streaks originate 
round the grey margin of this magnificent object, some of them 
extending over a greater part of the moon’s visible superficies, 
and ‘^radiating,” in the words of Professor Phillips, ‘'like false 
meridians, or like meridians true to an earlier pole of rotation.” 
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No systematic attempt has yet been made to map them accu- 
rately as a whole on a large scale, for their extreme intricacy 
and delicacy would render the task a very difl&cnlt one, and, 
moreover, would demand a long course of observation with a 
powerful telescope in an ideal situation ; but Professor W. H. 
Pickering, observing under these conditions at Arequipa, has 
recently devoted considerable attention both to the Tycho and 
other rays, with especially suggestive and important results, 
which may be briefly summarised as follows : — 

(i.) That the Tycho streaks do not radiate from the apparent 
centre of this formation, but point towards a multitude of minute 
craterlets on its south-eastern or northern rims. Similar craterlets 
occur on the rims of other great craters, forming ray-centres. 

(2.) Speaking generally, a very minute and brilliant crater is 
located at the end of the streak nearest the radiant point, the 
streak spreading out and becoming fainter towards the other end. 
The majority of the streaks appear to issue from one or more of 
these minute craters, which rarely exceed a mile in diameter. 

(3.) The streaks which do not issue from minute craters, usually 
lie upon or across ridges, or in other similar exposed situations, 
sometimes apparently coming through notches in the mountain 
walls. 

(4.) Many of the Copernicus streaks start from craterlets within 
the rim, flow up the inside and down the outside of the walls. 
Kepler includes two such craterlets, but here the flow seems to 
have been more uniform over the edges of the whole crater, and 
is not distinctly divided up into separate streams. 

(5.) Though there are similar craters within Tycho, the streaks 
from them do not extend far beyond the walls. All the con- 
spicuous Tycho streaks originate outside the rim. 

($.) The streaks of Copernicus, Kepler, and Aristarchus are 
greyish in colour, and much less white than those associated with 
Tycho : some white lines extending south-east from Aristarchus 
do not apparently belong to the system. In the case of craterlets 
lying between Aristarchus and Copernicus the streaks point away 
from the latter. 

(7.) There are no very long streaks ; they vary from ten to 
fifty miles in length, and are rarely more than a quarter of a mile 
broad at the crater. From this point they gradually widen out 
and become fainter. Their width, however, at the end farthest 
from the crater, seldom exceeds five miles. 

These statements, especially those relating to the length of the 
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streaks, are utterly opposed to prevailing notions, but Professor 
Pickering specifies the case of the two familiar parallel rays 
extending from the north-east of Tycho to the region east of 
Bullialdus. His observations show that these streaks, origi- 
nating at a number of little craters situated from thirty to sixty 
miles beyond the confines of Tycho, '‘enter a couple of broad 
slightly depressed valleys. In these valleys are found numerous 
minute craters of the kind above described, with intensely brilliant 
Interiors. When the streaks issuing from those craters near 
Tycho are nearly exhausted, they are reinforced by streaks from 
other craters which they encounter upon the way, the streaks 
becoming more pronounced at these points. These streaks are 
again reinforced farther out. These parallel rays must therefore 
not be considered as two streaks, but as two series of streaks, the 
components of which are placed end to end.” 

Thus, according to Professor Pickering, we must no longer 
regard the rays emanating from the Tycho region and other 
centres as continuous, but as consisting of a succession of short 
Lengths, diminishing in brilliancy but increasing in width, till 
bhey reach the next crater lying in their direction, when they are 
reinforced ; and the same process of gradual diminution in bright- 
ness and reinforcement goes on from one end to the other. 

The following explanation is suggested to account for the origin 
of the rays : — "The earth and her satellite may differ not so much 
as regards volcanic action as in the densities of their atmospheres. 
Thus if the craterlets on the rim of Tycho were constantly giving 
out large quantities of gas or steam, which in other regions was 
being constantly absorbed or condensed, we should have a wind 
uniformly blowing away from that summit in all directions. 
Should other summits in its vicinity occasionally give out gases, 
mixed with any fine white powder, such as pumice, this powder 
would be carried away from Tycho, forming streaks.” 

The difficulty surrounding this very ingenious hypothesis is, 
that though, assuming the existence of pumice-emitting craters 
and regions of condensation, there might be a more or less lineal 
and streaky deposition of this white material over large areas of 
the moon, why should this deposit be so definitely arranged, and 
why should these active little craters hapxDen to lie on these jpar- 
ticular lines ? 

The confused network of streaks round Copernicus seem to 
respond more happily to the requirements of Professor Pickering’s 
hypothesis, for here there is an absence of that definiteness of 
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direction so manifestly displayed in the case of the Tycho rays, 
and we can well imagine that with an area of condensation sur- 
rounding this magnificent object beyond the limits of the streaks, 
and a number of active little craters on and about its rim, the 
white material ejected might be drawn outwards in every direction 
by wind currents, which possibly once existed, and, settling down, 
assume forms such as we see. 

Nasmyth’s well-known hypothesis attributes the radiating 
streaks to cracks in the lunar globe caused by the action of 
an upheaving force, and accounts for their whiteness by the out- 
welling of lava from them which has spread to a greater or less 
distance on either side. If the moon has been fractured in this 
way, we can easily suppose that the craters formed on these 
fissures, being in communication with the interior, might eject 
some pulverulent white matter long after the rest of the surface 
with its other types of craters had attained a quiescent stage. 

The Tycho rays, when viewed under ordinary conditions, appear 
to extend in unbroken bands to immense distances. One of the 
most remarkable, strikes along the eastern side of Fracastorius, 
across the Mare Nectaris to Guttemberg, while another, more 
central, extends, with local variations in brightness, through 
Menelaus, over the Mare Serenitatis nearly to the north-west 
limb. This is the ray that figures so prominently in rude wood- 
cuts of the moon, in which the Mare Serenitatis traversed by it 
is made to resemble the Greek letter The Kepler, Aristarchus, 
and Copernicus systems, though of much smaller extent, are 
very noteworthy from the crossing and apparent interference of 
the rays ; ^ while those near Byrgius, round Aristarchus, and the 
rays from Proclus, are equally remarkable. 

As no branch of selenography has been more neglected than 
the observation of these interesting but enigmatical features, one 
may hope that, in spite of the exacting conditions as to situa- 
tion and instrumental requirements necessary for their successful 
scrutiny, the fairly equipped amateur in this less favoured country 
will not be deterred from attempting to clear up some of the 
doubts and difficulties which at present exist as to their actual 
nature. 

The Moox’s Albedo, Sueface Beightness, &c. — Sir John 


^ Nichol found that the rays from Kepler cut through rays from Copernicus and 
Aristarchus, while rays from the latter cut through rays from the former. He 
therefore inferred that their relative ages stand in the order, — Copernicus, Aristar- 
chus, Kepler. 
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Herscliel niaintaiiied that ‘‘ the actual illumination of the lunar 
surface is not much superior to that of weathered sandstone rock 
in full sunshine.’’ ‘'I have,” he says, “ frequently compared the 
moon Setting behind the grey perpendicular fa(^ade of the Table 
Mountain, illuminated by the sun just risen in the opposite 
cjuarter of the horizon, when it has been scarcely distinguishable 
in briglitness from the rock in contact with it. The sun and 
moon being at nearly equal altitudes, and the atmosphere per- 
fectly free from cloud or vapour, its effect is alike on both 
luminaries.” Zollner’s elaborate researches on this question are 
closely in accord with the above observational result. Though he 
considers that tlnn brightest parts of the surface arc as whit© as 
the whitest objects with which w(‘, arc acquainted, yet, taking the 
refh'cted light as a whole, he finds that the moon is more nearly 
black than white. The most brilliant object on the surface is the 
C(Uitral peak of the ring-plain Aristarchns, the darkest the floor 
•of Gritnaldi, or perhaps a poi'tion of that of the neighbouring 
Riccioli. Between thc^se extremes, there is every gradation of 
tone. Proctor, discussing tins question on the basis of Zollner’s 
experinnuits res])(‘cting the light reflected by various substances, 
concludes that the dark area just mentioned nuist be notably 
darker than the dark grey syenih^ which figures in his tables, 
while thc^ floor of Aristarchus is as white as newly fallen snow. 

The estimation of lunar tints in the usual way, by eye observa- 
tions at the telescope, involving as it does physiological errors 
which cannot be eliminated, is a method far too crude and ambi- 
guous to form the basis of a scientific scale or for the detection 
of slight variations. An instrument on the principle of Dawes’ 
solar (‘yc|)iec(^ has been suggested ; this, if used with an invariable 
and absolute scale of tints, would remove many difficulties attend- 
ing tlieso investigations. The scale which was adopted by Schroter, 
and which has been tised by selenographers up to the present 
time, is as follows : — 


o''‘ Bla(‘,k. 

P ... ({royish black. 
2'' Dark gmy. 

3'** Medium grey. 
Yellowish grey. 


5® I^uxe light grey. 

6" « Light whitish grey, 
7L . ( Jroyish white. 

8“’ » ■ Pure white. 

9° Glittering white. 

I o'* Dazzling white. 


The following is a list of lunar objects published in the Selemh 
(jnvpliical Journal^ classed in accordance with this scale: — 
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0° Eiack shadows. 

1° Darkest portions of the floors of Grimaldi and Riccioli. 

Interiors of Boscovich, Billy, and Zupus. 

2*’ Floors of Endymion, Le Monnier, Julius Caesar, Criiger, and 
Fourier a. 

2^° Interiors of Azout, Yitruvius, Pitatus, Hippalus, and Marius. 

3° Interiors of Taruntius, Plinius, Theophilus, Parrot, Flamsteed, 
and Mercator. 

31 '’ Interiors of Hansen, Archimedes, and Mersenius. 

4'’ Interiors of Manilius, Ptolemaeus, and Guerikd. 

41® Surface round Aristillus, Sinus Medii. 

5® Walls of Arago, Landsbexg, and Bullialdus. Surface round 
Kepler and Archimedes. 

Walls of Picard and Timocharis. Rays from Copernicus. 

6 ° Walls of Macrobius, Kant, Bessel, Mdsting, and Flamsteed. 

Walls of Langrenus, Thesetetus, and Lahire. 

7® Theon, Axiadaeus, Bode b, Wichmann, and Kepler. 

yi® IJkert, Hortensius, Eu elides. 

8® Walls of Godin, Bode, and Copernicus. 

8|“ Walls of Proclus, Bode a, and Plipparchus 0. 

9® Censoxinus, Dionysius, Mdsting a, and Mersenius b and c. 

9I® Interior of Aristarchus, La Peyrouse A. 

10° Central peak of Aristarchus. 

Tempekatuhb of the Moon’s Surface. — Till the subject was 
undertaken some years ago by Lord Eosse, no approach was made 
to a satisfactory determination of the surface temperature of the 
moon. From his experiments he inferred that the maximum 
temperature attained, at or near the equator, about three days 
after full moon, does not exceed 200® 0 ., while the minimum is not 
much under zero 0 . Subsequent experiments, however, both by 
himself and Professor Langley, render these results more than 
doubtful, without it is admitted that the moon has an atmospheric 
covering. Langley’s results make it probable that the temperature 
never rises above the freezing-point of water, and that at the end 
of the prolonged lunar night of fourteen days it must sink to at 
least 200"^ below zero. Mr. F. W. Yerey of the Alleghany Obser- 
vatory has recently conducted, by means of the bolometer, similar 
researches as to the distribution of the moon’s heat and its varia- 
tion with the phase, by which he has deduced the varying 
radiation from the surface in dilBFerent localities of the moon under 
various solar altitudes. 

Lunar Observation. — In observing the moon, we enjoy an 
advantage of which we cannot boast when most other planetary 
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bodies are scrutinised ; for we see the actual surface of another world 
undimmed by palpable clouds or exhalations, except such as exist 
in the air above us ; and can gaze on the marvellous variety of 
objects it presents much as we contemplate a relief map of our 
own globe. But inasmuch as the manifold details of the relief 
map require to be placed in a certain light to be seen to the best 
advantage, so the ring-mountains, rugged highlands, and wide- 
extending plains of our satellite, as they pass in review under 
the sun, must be observed when suitable conditions of illumina- 
tion prevail, if we wish to appreciate their true character and 
significance. 

As a general rule, lunar objects are best seen when they are at 
no great distance from *‘the terminator,” or the line dividing the 
illumined from the unillumined j)ortion of the spherical surface. 
This line is constantly changing its position with the sun, advanc- 
ing slowly onwards towards the east at a rate which, roughly 
speaking, amounts to about 30^.5 in an hour, or passing over 
10° of lunar longitude in about 19 hrs. 40 mins. When an object 
is situated on this line, the sun is either rising or setting on 
the neighbouring region, and every inequality of the surface is 
rendered prominent by its shadow ; so that trifling variations 
in level and minor asperities assume for the time being an im- 
portance to which they have no claim. If we are observing an 
object at lunar sunrise, a very short time, often only a few 
minutes, elapses before the confusion caused by the presence of 
the shadows of these generally unimportant features ceases to 
interfere with the observation, and we can distinguish between 
those details which are really noteworthy and others which are 
trivial and evanescent. Every formation we are studying should 
be observed, and drawn if possible, under many different condi- 
tions of illumination. It ought, in fact, to be examined from the 
time when its loftiest heights are first illumined by the rising sun 
till they disappear at sunset. This is, of course, practically im- 
possible in the course of one lunation, but by utilising available 
opportunities, a number of observations may be obtained under 
various phases which will be more or less exhaustive. It cannot 
be said that much is known about any object until an attempt has 
been made to carry out this plan. Features which assume a 
certain appearance at one phase frequently turn out to be alto- 
gether different when viewed under another; important details 
obscured by shadows, craters masked by those of neighbouring 
objects, or by the shadows of their own rims, are often only 
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revealed when the sun has attained an altitude o£ ten degrees or 
more. In short, there is scarcely a formation on the moon which 
does not exemplify the necessity of noting its aspect from sunrise 
to sunset. Eegard must also be had to libration, which affects to 
a greater or less degree every object; carrying out of the range of 
observation regions near the limb at one time, and at another 
bringing into view others beyond the limits of the maps, which 
represent the moon in the mean state of libration. The area, in 
fact, thus brought into view, or taken out of it, is between x\th 
and x^^th of the entire area of the moon, or about* the -^tli part of 
the hemisphere turned away from the earth. It is convenient to 
bear in mind that we see an object under nearly the same condi- 
tions every 59^ 28“, or still more accurately, after the lapse of 

fifteen lunations, or 442*^ 23^ Many observers avoid the observa- 
tion of objects tinder a high light. This, however, should never 
be neglected when practicable, though in some cases it is not 
easy to carry out, owing to the difficulty in tracing details under 
these circumstances. 

Although to observe successfully the minuter features, such as 
the rills and the smaller craterlets, requires instruments of large 
aperture located in favourable situations, yet work of permanent 
value may be accomplished with comparatively humble telescopic 
means. A 4-inch achromatic, or a silver-on-glass reflector of 
6 or 6| inches aperture, will reveal on a good night many details 
which have not yet been recorded, and the possessor of instru- 
ments of this size will not he long in discovering that the moon, 
despite of what is often said, has not been so exhaustively sur- 
veyed that nothing remains for him to do. 

Only experience and actual trial will teach the observer to 
choose the particular eyepiece suitable for a given night or a given 
object. It will be found that it is only on very rare occasions 
that he can accomplish mnch with powers which, perhaps only on 
two or three nights in a year in this climate, tell to great advan- 
tage ; though it sometimes happens that the employment of an 
eyepiece, otherwise unsuitable for the night, will, during a short 
spell of good definition, afford a fleeting glimpse of some diffi- 
cult feature, and thus solve a doubtful point. It has often 
been said that the efficiency of a telescope depends to a great 
extent on the man at the eye end.” This is as true in the 
case of the moon as it is in other branches of observational 
astronomy. 

Observers, especially beginners, frequently fall into great error 
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in failing to appreciate tlie true character of what they see. In 
this way a shallow surface depression, possibly only a few feet 
below the general level of the neighbouring country, is often 
described as a “vast gorge” because, under very oblique light, 
it is filled with black shadow ; or an insignificant hillock is 
magnified into a mountain when similarly viewed. Hence the 
importance, just insisted on, of studying lunar features under 
as many conditions as possible before finally attempting to de- 
scribe them. 

However indifferent a draughtsman an observer may be, if he 
endeavours to portray what he sees to the best of his ability, 
he will ultimately attain sufficient skill to make his work useful 
for future reference : in any case, it will be of more value than a 
mere verbal descrij)tion without a sketch. Doubt and uncertainty 
invariably attend to a greater or less extent written notes un- 
accompanied by drawings, as some recent controversies, respecting 
changes in Linn 4 and elsewhere, testify. Now that photographs 
are generally available to form the basis of a moi-e complete 
sketch, much of the difficulty formerly attending the correct 
representation of the outline and grosser features of a forma- 
tion has been I'emoved, and the observer can devote his time 
and attention to the insertion and description of less obvious 
objects. 

Progbess of Selenography. — Till within recent years, the 
systematic study of the lunar surface may be said to have been 
confined, in this country at any rate, to a very limited number 
of observers, and, except in rare instances, those who possessed 
astronomical telescopes only directed them to the moon as a show 
object to excite the wonder of casual visitors. The publication of 
Webb’s “ Celestial Objects ” in 1859, the supposed physical change 
in the crater Linn6, announced in 1866, and the appearance of an 
unrecorded black spot near Hyginus some ten years later, had 
the effect of awakening a more lively interest in selenography, 
and undoubtedly combined to bring about a change in this 
respect, which ultimately resulted in the number of amateurs 
devoting much of their time to this branch of observational 
astronomy being notably increased. Still, large telescopes, as a rule, 
held aloof for some unexplained reason, or were only employed 
in a desultory and spasmodic fashion, without any very definite 
object. When the Council of the British Association for the 
Advancement of Science, stimulated by the Linn (5 controversy, 
deemed the moon to be worthy of passing attention, observa- 
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tions, directed to objects suspected of change (the phenomena on 
the floor of Plato) were left to three or four observers, under the 
able direction of Mr. Birt, the largest instruments available being 
an 8 J-inch reflector and the Orossley refractor of 9 inches aperture ! 
During the last decade, however, all this has been changed, and 
we not only have societies, such as the British Astronomical 
Association, setting apart a distinct section for the systematic 
investigation of lunar detail, but some of the largest and most 
perfect instruments in the world, among them the noble refractor 
on Mount Hamilton, employed in photographing the moon or in 
scrutinising her manifold features by direct observation. Hence, 
it may be said that selenography has taken a new and more pro- 
mising departure, which, among other results, must lead to a 
more accurate knowledge of lunar topography, and settle possibly, 
ere long, the vexed question of change, without any residuum of 
doubt. 

Lunar photography as exemplified by the marvellous and beau- 
tiful pictures produced at the Lick Observatory under the 
auspices of Dr Holden, and the exquisite enlargements of them 
by Dr. Weinek of Prague ; at Paris by the brothers Henry , and 
at Brussels by M Prinz ; point to the not far distant time when 
we shall possess complete photographic maps on a large scale 
of the whole visible disc under various phases of illumination, 
which will be of inestimable value as topographical charts 
When this is accomplished, the observer will have at his command 
faithful representations of any formation, or of any given region 
he may require, to utilise for the study of the smaller details by 
direct observation. 

Desultory and objectless drawings and notes have hitherto been 
more or less characteristic of the work done, even by those who 
have given more than ordinary attention to the moon Though 
these, if duly recorded, are valuable as illustrating the physical 
structure, the estimated brightness under various phases, and other 
peculiarities of lunar features, they do not materially forward 
investigations relating to the discovery of present lunar activity 
or to the detection of actual change It is reiterated ad nauseam 
in many popular books that the moon is a changeless world, and it 
IS implied that, having attained a state when no further manifes- 
tations of internal or external forces are possible, it revolves round 
the earth in the condition, for the most part, of a globular mass 
of vesicular lava or slag, possessing no interest except as a notable 
example of a ‘^burnt-out planet.’’ In answer to these dogmatic 
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assertions, it may be said that, notwithstanding the mnltiplication 
of monographs and photographs, the knowledge we possess, even 
of the larger and more j)rominent objects, is far too slight to 
justify us in maintaining that changes, which on earth we should 
use a strong adjective to describe, have not taken place in con- 
nection with some of them in recent years. Would the most 
assiduous observer assert that his knowledge of any one of 
the great formations, in the south-west quadrant, for example, 
is so complete that, if a chasm as big as the Val del Bove was 
blown out from its flanks, or formed by a landslip, he would 
detect the change in the appearance of an area (some three miles 
by four) thus brought about, unless he had previously made a 
very prolonged and exhaustive study of the obj ect ? Or, again, 
among formations of a different class, the craters and crater- 
cones ; might not objects as large as Monte Nuovo or Jorullo 
come into existence in many regions without any one being the 
wiser ? It would certainly have needed a persistent lunar astro- 
nomer, and one furnished with a very perfect telescope, to have 
noted the changes that have occurred within the old crater-ring 
of Somma or among the Santorin group during the past thirty 
years, or even to have detected the effects resulting from the 
great catastrophe in A.D. 79, at Vesuvius ; yet these objects 
are no larger than many which, if they were situated on our 
satellite, would be termed comparatively small, if not in- 
significant. 

One of the principal aims of lunar research is to learn as 
much as possible as to the present condition of the surface. 
Every one qualified to give an opinion will admit that this cannot 
be accomplished by roaming at large over the whole visible super- 
ficies, but only by confining attention to selected areas of limited 
extent, and recording and describing every object visible thereon, 
under various conditions of illumination, with the greatest accuracy 
attainable. This plan was suggested and inaugurated nearly thirty 
years ago by Mr. Birt, under the patronage of the British Associa- 
tion ; but as he proposed to deal with the entire disc in this way, 
the magnitude and ambitious character of the scheme soon damped 
the ardour of those who at first supported it, and it was ultimately 
abandoned. It was, however, based on the only feasible principle 
which, as it seems to the writer, will not result in doubt and con- 
fusion. Now that photogi'aphy has come to the assistance of the 
observer, Mr. Birfs proposal, if confined within narrower limits, 
would be far less arduous an undertaking than before, and might 
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be easily carried out. A complete photographic survey of a few 
selected regions^ as a basis for an equally thorough and exhaustive 
scrutiny by direct observation, would, it is believed, lead to a much 
more satisfactory and hopeful method for ultimately furnishing 
irrefragable testimony as to permanency or change than any that 
has yet been undertaken. 















CATALOaUE OF LUNAR FORMATIONS 


FIKST QUADKANT 

WEST LONGITUDE 90° to 60° 

Schubert. — This ring-plain, about 46 miles in diameter, situ- 
ated on the N.E. side of the Mare Smythii, is too near the limb to 
be well observed. 

Neper. — Though still nearer the limb, this walled-plain, 74 
miles in diameter, is a much more conspicuous object. It has 
a lofty border and a prominent central mountain, the highest 
portion of a range of hills which traverses the interior from 
N. to S. 

Apollonius. — A ring-plain, 30 miles in diameter, standing in 
the mountainous region S. of the Mare Crisium. There is a large 
crater on the S.W. wall, and another, somewhat smaller, adjoining 
it on the N. There are many brilliant craters in the vicinity. 

Firmicus. — A somewhat larger, more regular, but, in other 
respects, very similar ring-plain, N.W. of the last. Some dis- 
tance on the W., Madler noted a number of dark-grey streaks 
which apparently undergo periodical changes, suggestive of some- 
thing akin to vegetation. They are situated near a prominent 
mountain situated in a level region. 

^20UT. — A small ring-plain, connected with the last by a lofty 
ridge. It is the apparent centre of many other ridges and valleys 
which radiate from it towards the N.W. and the Mare Crisium. 
There is a central mountain, not an easy telescopic object, on its 
dusky floor. 

OONDOROET. — Averyprominent ring-plain, 45 miles in diameter, 
situated on the mountainous S.W. margin of the Mare Crisium. 
It is encircled by a lofty wall about 8000 feet in height. The 
dark interior of this and of the three preceding formations 
render them easily traceable under a high angle of illumination. 

Hansen. — A ring-plain, 32 miles in diameter, on the W. border 
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of the Mare Orisium N. of Oondorcet. Schmidt shows a central 
mountain and a terraced wall. 

Alhazen. — This ring-plain, rather smaller than the last, is the 
most northerly of the linear chain of formations, associated with 
the highlands bordering the S.W. and the W. flanks of the Mare 
Orisium. It has a central mountain and other minor elevations 
on the floor. There is a little ring between Alhazen and Hansen, 
never very conspicuous in the telescope, which is plainly traceable 
in good photographs. 

Eimmart. — ^A conspicuous ring-plain with bright walls on the 
N.W. margin of the Mare Orisium. The E. border attains a 
height of 10,000 feet above the interior, which, according to 
Schmidt, has a small central mountain. There is a rill-like 
valley on the E. of the formation. 

Oriani. — An irregular object, 32 miles in diameter, somewhat 
difficult to identify, N.W. of the last. There is a conspicuous 
crater on the N. of it, with which it is connected by a prominent 
ridge. 

Plutarch. — ^A fine ring-plain W. of Oriani, with regular walls, 
and, according to Neison, with two central mountains, only one 
of which I have seen. Both this formation and the last are 
beautifully shown in a photograph taken August 19, 1891, at the 
Lick Observatory, when the moon’s age was 15 d. 10 hrs. 

Seneca. — Eather smaller than Plutarch. Too near the limb 
for satisfactory observation. Schmidt shows two considerable 
mountains in the interior. The position of this object in 
Schmidt’s chart is not accordant with its place in Beer and 
Madler’s map, nor in that of Neison. 

Hahn. — A ring-plain, 46 miles in diameter, with a fine central 
mountain and lofty peaks on the border, which is not continuous 
on the S. There is a large and prominent crater on the B. 

Berosus. — A somewhat smaller object of a similar type, N. of 
Hahn, but with a loftier wall. There is a want of continuity also 
in the border, the eastern and western sections of which, instead 
of joining, extend for some distance towards the S., forming a 
narrow gorge or valley. Outside the S.E. wall there is a small 
crater, and some irregular depressions on the E. The minute 
central mountain is -only seen with difficulty under a low evening 
sun. The bright region between Hahn and Berosus and the 
western flank of Cleomedes is an extensive plain, devoid of loro- 
minent detail, and which, according to Neison, includes an area 
of 40,000 square miles. 
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G auss. — A large, and nearly circular walled-plain, 1 1 1 miles in 
diameter, situated close to the N. W. limb, and consequently always 
foreshortened into a more or less elongated ellipse. But for this 
it would be one of the grandest objects in the first quadrant. 
Under the designation of ‘‘Mercurius Falsus’' it received great 
attention from Schroter, who gives several representations of 
it in his SeUnotopograjpMscJie Fragmente, which, though drawn in 
his usual conventional style, convey a juster idea of its salient 
features than many subsequent drawings made under far better 
optical conditions. The border, especially on the W., is very 
complex, and is discontinuous on the S., where it is intersected 
by more than one pass, and is prolonged far beyond the apparent 
limits of the formation. The most noteworthy feature is the 
magnificent mountain chain which traverses the floor from N. 
to S. It is interesting to watch the progress of sunset thereon, 
and see peak after peak disappear, till only the great central boss 
and a few minute glittering points of light, representing the loftier 
portions of the chain, remain to indicate its position. Madler ex- 
patiates on the sublime view which would be obtained by any one 
standing on the highest j)eak and observing the setting sun on 
one ^ide of him and the nearly full earth on the other ; while 
beneath him would lie a vast plain, shrouded in darkness, sur- 
rounded by the brilliantly illuminated peaks on the lofty border, 
gradually passing out of sunlight. In addition to the central 
mountain range, there are some large rings, craters, hillocks, &c., 
on the floor ; and on the inner slope of the W. border there is a 
very large circular enclosure resembling a ring-plain, not recorded 
in the maps. Schmidt shows a row of large craters on the outer 
slope of the B. border. Of these, one is very conspicuous under 
a low evening sun, by reason of its brilliant walls and interior. 
In the region between Gauss and Barosus is a number of narrow 
steep ridges which follow the curvature of the B. wall. 

Struve. — A small irregularly-shaped formation, open towards 
the S., forming one of the curious group of unsymmetrical enclo- 
sures associated with Messala. Its dark floor and a small dusky 
area on the N. indicate its position under a high sun. 

Carrington. — A small ring-plain, belonging to the Messala 
group, adjoining Schumacher on the N.W. 

Meroubius. — This formation is 2 5 miles in diameter. A small 
crater stands on the S.B. section of the wall. There is a longi- 
tudinal range in the interior, and on the W. and N.W. the remains 
of two large walled-plains, the more westerly of which is a note- 


42 


THE MOON 


worthy object under suitable conditions. A short distance S. is a 
large, irregular, and very dark marking. On the N., lies an immense 
bright plain, extending nearly to the border of Endymion. 


WEST LONGITUDE 6o° to 40^ 

Takuntius. — Notwithstanding its comparatively low walls, this 
ring-plain, 44 miles in diameter, is a very conspicuous object 
under a rising sun. Like Vitello and a few other formations, it 
has an inner ring on the flooi', concentric with the outer rampart, 
which I have often seen nearly complete under evening illumination. 
There is a small bright crater on the S.B. wall, and a larger one 
on the crest of the N.E. wall, with a much more minute depres- 
sion on the W. of it, the intervening space exhibiting signs of 
disturbance. The upper portion of the wall is very steep, con- 
trasting in this respect with the very gentle inclination of the 
glacis, which on the S. extends to a distance of at least 30 miles 
before it sinks to the level of the surrounding country, the gra- 
dient probably being as slight as i in 43. Two low dusky rings 
and a long narrow valley with brilliant flanks are prominent 
objects on the plain E. of Taruntius under a low evening sun. 

Secchi. — A partially enclosed little ring-plain S. of Taruntius, 
with a prominent central mountain and bright walls. There is a 
short cleft running in a N.E. direction from a point near the E. 
wall. Schmidt represents it as a row of inosculating craters. 

PiCAKD. — The largest of the craters on the surface of the 
Mare Crisium, 21 miles in diameter. The floor, which includes 
a central mountain, is depressed about 2000 feet below the outer 
surface, and is surrounded by walls rising some 3000 feet 
above the Mare. A small but lofty ring-plain, Picard E, on 
the B., near the border of the Mare, is remarkable* for its change 
of aspect under different angles of illumination. A long curved 
ridge running S. from this, with a lower ridge on the west, 
sometimes resemble a large enclosure with a central mountain. 
Still farther S., there is another bright dee|) crater, a, with a 
large low ring adjoining it on the S., abutting on the S.E. 
border of the Mare. Schroter bestowed much attention on these 
and other formations on the Mare Crisium, and attributed certain 
changes which he observed to a lunar atmosphere. 

Peieoe. — This formation, smaller than Picard, is also prominent, 
its border being very bright. There is a central peak, which, though 
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not an easy object, I once glimpsed with, a 4-inch Cook achromatic, 
and have seen it two or three times since with an 8^-in. Calver 
reflector. A small crater, detected by Schmidt, which I once 
saw very distinctly nnder evening illumination, stands on the 
floor at the foot of the W. wall. Peirce A, a deeper formation, 
lies a little N. of Peirce, and has also, according to Neison, a very 
slight central hill, which is only just perceptible under the most 
favourable conditions. Schmidt appears to have overlooked it. 

Proclus. — One of the most brilliant objects on the moon’s 
visible surface, and hence extremely difficult to observe satis- 
, factorily. It is about 1 8 miles in diameter, with very steep walls, 
and, according to Schmidt, has a small crater on its east border, 
where Madler shows a break. It is questionable whether there 
is a central mountain. It is the centre of a number of radiating 
light streaks which partly traverse the Mare Crisium, and with 
those emanating from Picard, Peirce, and other objects thereon, 
form a very complicated system. 

Macrobius. — This, with a companion ring on the W., is a 
very beautiful object under a low sun. It is 42 miles in 
diameter, and is encircled by a bright, regular, but complex 
border, some 13,000 feet in height above the floor. Its crest is 
broken on the E. by a large brilliant crater, and its continuity is 
interrupted on the N. by a formation resembling a large double 
crater, which is associated with a number of low rounded banks 
and ridges extending some distance towards the N.W., and 
breaking the continuity of the glacis. The W. wall is much ter- 
raced, and on the N.W. includes a row of prominent depressions, 
well seen when the interior is about half illuminated under a 
rising sun. The central mountain is of the compound type, but 
not at all prominent. The companion ring, Macrobius 0, is ter- 
raced internally on the W., and the continuity of its N. border 
broken by two depressions. There is a rill-valley between its 
N.E. side and Macrobius. 

Oleomedes. — A large oblong enclosure, 78 miles in diameter, 
with massive walls, varying in altitude from 8000 to 10,000 
feet above the interior. The most noteworthy features in con- 
nection with the circumvallation are the prominent depressions 
oh the W. wall. Under a rising sun, when about one-fourth of 
the floor is in shadow, three of these can be easily distinguished, 
each resembling in form the figure 00 . There are two other 
curious depressions at the S.W. end of the formation. On the 
dark steel-grey floor are two irregular dusky areas, and a narrow 
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but bright central mountain, on which, according to Schmidt, 
stand two little craters. There are two ring-plains on the S.W. 
quarter, and a group of three associated craters on the N. side, 
one of which (a) Schroter believed came into existence after he 
commenced to observe the formation, a supposition that has 
been shown by Birt and others to be very improbable. 

Tkalles. — A large irregular crater, one of the deepest on the 
visible surface of the moon, situated on the N.E. wall of Oleo- 
vl modes. There is a crater on its N". wall, and, according to Schmidt, 
some ridges and three closely associated craters on the floor, 

Burokhaudt. — ^This object, situated on an apparent extension 
of the W, wall of Cleomedes, is 35 miles in diameter, with a 
lofty border, rising on the E. to an altitude of nearly 13,000 feet. 
It has a prominent central mountain and some low ridges on 
the floor, which, together with two minute craters on the S.W. 
wall, I have seen under a low angle of morning illumination. 
It is flanked both on the E. and W. by deep irregular depres- 
sions, which present the appearance of having once been complete 
formations. 

Geminus. — ^A fine regular ring-plain, 54 miles in diameter, 
nearly circular, with bright walls, rising on the E. to a height of 
more than 12,000 feet, and on the opiDOsite side to nearly 16,000 
feet above the floor. Their crest is everywhere very steep, and 
the inner slope is much terraced. There is a small but con- 
spicuous mountain in the interior ; of which I have seen a long 
ridge, where Schmidt shows some hillocks. Two fine clefts are 
easily visible within the ring, one running for some distance on 
the S.E. side of the floor, mounting the inner slope of the S.W. 
border to the summit ridge (where it is apparently interrupted), 
and then striking across the plain in a S.W. direction. Here it 
is accompanied for a short distance by a somewhat coarser com- 
panion, running parallel to it on the N. The other cleft occupies 
a very similar position on the N.W. side of the floor at the inner 
foot of the wall.^ On several occasions, when observing this for- 
mation and the vicimty, I have been struck by its peculiar colour 
under a low evening sun. At this time the whole region appears 
to be of a warm light brown or sepia tone. 

Beenouilll— A very deep ring-plain on the W. side of Gemi- 
nus. ^ nder evening illumination its lofty W. wall, which rises 
to a height of nearly 13,000 feet above the floor, is conspicnonsly 
bnlhant This formation exhibits a marked departure from the 
circular type, being bounded by rectilineal sides. The inner 
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slope of tlie W. wall is slightly terraced. The border on the S. 
is much lower than elsewhere, as is evident when the formation 
is on the evening terminator. On the IsT. is the deep crater 
Messala a. 

Newcomb. — The most prominent of a group of formations 
standing in the midst of the Hsemns Mountains. Its crest is 
nearly 12,000 feet above the floor, on which there are some hills. 

Messala. — This fine walled-plain, nearly 70 miles in diameter, 
is, with its surroundings, an especially interesting object when 
observed under a low angle of illumination. Its complex border, 
though roughly circular, displays many irregularities in outline, 
due mainly to rows of depressions. The best view of it is 
obtained when the W. wall is on the evening terminator. At 
this phase, if libration is favourable, the manifold details of 
its very uneven and apparently convex floor are best seen. On 
the S.W. side is a group of large craters associated with a 
number of low hills, of which Schmidt shows five ; but I have 
seen many more, together with several ridges between them 
and the B. wall. I noted also a cleft, or it may be a narrow 
valley, running from the foot of the N.W. wall towards the 
centre. On the floor, abutting on the N.E. border, is a semi- 
circular ridge of considerable height, and beyond the border 
on the N.E. there is another curved ridge, completing the circle, 
the wall, forming the diameter. This formation is clearly of 
more ancient date than Messala, as the N.E. wall of the latter 
has cut through it. Where Messala joins Schumacher there is 
a break in the border, occupied by three deep depressions. 

Schumacher. — A large irregular ring-plain, 28 miles in dia- 
meter, associated with the N. wall of Messala, and having other 
smaller rings adjoining it on the B. and N. The interior seems 
to be devoid of detail. 

Hooke. — Another irregular ring-plain, 28 miles in diameter, 
on the N.B. of Messala. There is a bright crater of considerable 
size on the S.W., which is said to be more than 6000 feet in 
depth, and, according to Neison, is visible as a white spot at full. 
There is a smaller crater on the slope of the N.W. wall. 

Shuckburgh. — A square-shaped enclosure on the N. of the last, 
with a comparatively low border. It has a conspicuous crater at 
its N.W. corner. 

Berzelius. — A considerable ring-plain of regular form, with 
low walls and dark interior, on which there is a central peak, 
difficult to detect. 
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Franklin.— A ring-plain, 33 miles in diameter, which displaya 
a considerable departure from the circular type, as the border in 
in great part made up of rectilineal sections. .Ih)th the W* and 
N.E. wall is much terraced, and rises about 8000 IVet abovc^ the 
dark floor, on j^he S. part of which there is a long ridge. nun’O 
is a bright little isolated mountain on the plain of tlu^ forma- 
tion, and a conspicuous craterlet on tlu^ N.W. An incomplete 
ring, with a very attenuated border, abuts on ihe side of 
Franklin. 

Oepheus. — A peculiarly shaped ring-plain, 27 miles in diamet er. 
The E. border is nearly rectilineal, while on the W., the- wall 
forms a bold curve. There is a very brilliant crater on the 
summit of this section, and a central mountain on the floor. 
The W. wall is much terraced. W. of Oepheus, close to the 
brilliant crater, there is a cleft or narrow valley running N. towards 
Oersted. 

Oersted. — ^An oblong formation with very low walls, scarcely 
traceable on the S.E., except when near the terminator. Thc-re 
is a conspicuous crater on the N.W. side of the floor, and a curious 
square enclosure, with a crater on its W. border, abutting on the 
N.E. wall. 

OiiEVALLiER. — An inconspicuous object enclosed by slightly 
curved ridges. It includes a deep bright crater. On the N. is 
a low square formation and a long ridge running N. from it. 
Just beyond the N.E. wall is the fine large crater, Atlas A, with 
a much smaller but equally conspicuous crater beyond. A has a 
central hill, which, in spite of the bright interior, is not a diflicult 
feature. 

Atlas. — This, and its companion Hercules on the K., form 
under oblique illumination a very beautiful pair, scarcely sur- 
passed by any other similar objects on the first ((uadrant Its 
lofty rampart, 55 miles in diameter, is surmounted by peaks, 
which on the N. tower to an altitude of nearly 11,000 feat. It 
■exhibits an approach to a polygonal outline, the lineal character 
of the border being especially well marked on the N. The 
detail on the somewhat dark interior will repay careful scrutiny 
with high powers. There is a small but distinct central mountain, 
south of which stands a number of smaller hills, forming witli the 
first a circular arrangement, suggestive of the idea that they repre- 
sent the relics of a large central crater. Several clefts may be 
seen on the floor under suitable illumination, among them a 
forked cleft on the N.E. quarter, and two others, originating at a 
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ilusky pit of irregular form situated near the foot of the S.B. 
wall, one of whicli runs W. of the central hills, and the other on 
the opposite side. A ridge, at times resembling a light marking, 
■(•xtetuls from the ctuitral mountain to the N. border. During the 
years i K70 and 1 87 1 1 bestowed some attention on the dusky pit, and 
was h‘d to suspect that both it and the surrounding area vary con- 
siderably in tout^ from time to time. Professor W. H. Pickering, 
<ibserviug the formation in 1891 with a 13-inch telescope under 
the favourable atmospheric conditions which prevail at Arequipa, 
Peru, confirmed this supposition, and has discovered some very 
int(‘rt*sting and suggestive facts rcilating to these variations, which, 
it is hoi«‘d, will soon be made public. On the plain a short 
distance beyond the foot of the glads of the S.E. wall, I have 
frequently noteil a second dusky spot, from which proceeds, 
towards the M., a long rill-like marking. On the N. there is a 
large formation enclosed by rectilineal ridges. The outer slopes 
■of till* rampart, of Atlas are very noteworthy under a low sun. 

Ukucui.ks. — ^'I'he eastern companion of Atlas, a line ring-plain, 
about 46 miles in diameter, with a complex border, rising some 
1 1,000 feet above a depressed floor. There are few formations of 
its class and siixe which display so much detail in the shape of 
ferrai'es. apparent, landslips, and variation in brightness. In the 
interior, H. M. of the centre, is a very conspicuous crater, which is 
visible as a bright spot when the formation itself is hardly trace- 
able, two large craterlets slightly N. of the centre, and several 
faint little spots on the east of them. The latter, detected some 
years ago by Herr Hiickol of Stuttgart, are arranged in the form 
of a horse-shoe. There are two small contiguous craters on the 
K.K. wall, one of which, a difficult object, was recently detected 
by Mr. W. H. Maw, P. 11 .A.S. The well-known wedge-shaped 
protuberance on the S. wall is due to a large irregular depression. 
On the bright inner slope of the N. wall are manifest indications 
of a landslip. 

Endymion.— A large walled-plain, 78 miles in diameter, enclosed 
by a lofty, broad, bright border, surmounted in places by peaks 
winch attain a height of more than 10,000 feet above the interior, 
one on the W. mcasurlug more than 15,000 feet. The walls are 
much terraced and exhibit two or three breaks. The dark floor 
appears to bo devoid of detail. Schmidt, however, draws two 
large irregular mounds E. of the centre, and shows four narrow 
light streaks crossing the interior nearly parallel to the longer 
axis of the formation. 
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De la Exje. — Notwithstanding its great extent, this formation 
hardly deserves a distinctive name, as from the lowness of its border 
it is scarcely traceable in its entirety except under very oblique 
light. Schmidt, nevertheless, draws it with very definite walls, 
and shows several ridges and small rings in the interior. Among 
these objects, a little B. of the centre, there is a prominent peak. 

Stkabo. — A small walled-plain, 32 miles in diameter, con- 
nected with the N. border of the last. 

Thales. — A bright formation, also associated with the N. side 
of De la Bue, adjoining Strabo on the N.E. Schmidt shows a 
minute hill in the interior. 

There are several unnamed formations, large and small, be- 
tween De la Bue and the limb, some of which are well worthy of 
examination. 


WEST LONGITUDE 40° to 20°. 

Maskelyxe. — A regular ring-plain, 19 miles in diameter, 
standing almost isolated in the Mare Tranquilitatis. The floor, 
which includes a central mountain, is depressed some 3000 feet 
below the surrounding surface. There are prominent terraces on 
the inner slope of the walls. Schmidt shows no craters upon 
them, but Madler draws a small one on the E., the existence of 
which I can confirm. 

Manners. — A brilliant little ring-plain, 1 1 miles in diameter, 
on the S.E. side of the Mare Tranquilitatis. There appears tO' 
be no detail whatever in connection with its wall. It has a dis- 
tinct central mountain. About three diameters distant on the 
S.W. there is a bright crater, omitted by Madler and Neison. 

Arago. — A much larger formation, 18 miles in diameter, N. 
of the last, with a small crater on its N. border, and exhibiting 
two or three spurs from the wall on the opposite side. The 
inner slopes are terraced, and there is a small central moun- 
tain. There are two curious circular protuberances on the Mare 
B. of Arago, which are well seen when the W. longitude of the 
morning terminator is about 19°, and a long cleft, passing about 
midway between them, and extending from the foot of the B. 
•wall to a small crater on the edge of the Mare near Sosigenes. 
Another cleft, also terminating at this crater, runs towards Arago 
and the more northerly of the protuberances. 

Cauchy. — ^A bright little crater, not more than 7 or 8 miles 
in diameter, on the W. side of the Mare Tranquilitatis, N.E. of 
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Taruntiiis. It has a peak on its W. rim considerably loftier than 
the rest of the wall, which is visible as a brilliant spot at sunrise 
long before the rest of the rampart is illuminated. On the S. 
there are two bright longitudinal ridges ranging from IST.B, 
to S.W. These stand in the position where IsTeison draws two 
straight clefts. The Cauchy cleft, however, lies N. of these, and 
terminates, as shown by Schmidt, among the mountains N.E, of 
Taruntius. I have seen it thus on many occasions, and it is so 
represented in a drawing by M. E. Stuvaert (Dessins de la Lune). 
There is a number of minute craters and mounds standing on the 
S. side of this cleft, and many others in the vicinity. 

Jansen. — Owing to its comparatively low border, this is not 
a very conspicuous object. It is chiefly remarkable for the 
curious arrangement of the mountains and ridges on the S. and 
W, of it. There is a bright little crater on the S. side of the 
floor, and many noteworthy objects of the same class in the neigh- 
bourhood. The mountain arm I'unning S.,and ultimately bending 
B., forms a large incomplete hook-shaped formation terminating 
at a ring-plain, Jansen B. The ridges in the Mare Tranquilitatis 
between Jansen B. and the region E, of Maskelyne display under 
a low sun foldings and wrinklings of a very extraordinary kind. 

Maclear. — A conspicuous ring-plain about i6 miles in dia- 
meter. The dark floor includes, according to Madler, a delicate 
central hill which Schmidt does not show. Neison, however, saw a 
faint greyish mark, and an undoubted peak has been subsequently 
recorded. I have not succeeded in seeing any detail within the 
border, which in shape resembles a triangle with curved sides. 

Eoss. — A somewhat larger ring-plain of irregular form, on 
the N.W. of the last. There are gaps on the bright S.W. 
border and a crater on the S.E. wall. The central mountain is 
an easy feature, 

Plinitjs. — This magnificent object reminds one at sunrise of a 
great fortress or redoubt erected to command the passage be- 
tween the Mare Tranquilitatis and the Mare Serenitatis. It is 32 
miles in diameter, and is encompassed by a very massive rampart, 
rising at one peak on the B. to more than 6000 feet above the 
interior, and displaying, especially on the S.B., and N., many 
spurs and buttresses. The exterior slopes at sunrise, and even 
when the sun is more than 10° above the horizon, are seen to be 
traversed by wide and deep valleys. The S. glacis is especially 
broad, extending to a distance of 10 or 12 miles before it runs 
down to the level of the plain. The shaj)e of the circumvallation, 
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when it is fully illuminated, approximates very closely to that of 
an equilateral triangle with curved sides. There are two bright 
little craters on the outer slope, just below the summit ridge on 
the S.E., and another, larger, on the N. wall, in which it makes a 
prominent gap. The interior is considerably brighter than the 
surface of the surrounding Mare, and, a little S. of the centre, 
includes two crater-like objects with broken rims. These assume 
different aspects under different conditions of illumination, and 
it is only when the floor is lighted by a comparatively low 
morning sun, that their true character is apparent. On the 
N’.W. quarter of the interior are two smaller distinct craters, and 
a square arrangement of ridges. On the N.E. there are some hil- 
locks and minor elevations. The Plinius rills form an especially 
interesting system, and under favourable conditions may be seen 
in their entirety with a good 4--inch refractor, about the time when 
the morning terminator passes through Julius Oecsar. They con- 
sist of three long fissures, originating amid the Haemus highlands, 
on the S. side of the Mare Serenitatis, and diverging towards 
the W. The most southerly commences S.S.E. of the Acherusian 
promontory (a great headland, 5000 feet high, at the W. termina- 
tion of the Haemus range), and, following a somewhat undulating 
course, runs up to the N. side of Dawes. Under a low evening 
sun, I have remarked many inequalities in the width of that por- 
tion of it immediately N. of Plinius, which appear to indicate 
that it is here made up of rows of inosculating craters. The 
cleft north of this originates very near it, passes a little S. of the 
promontory, and runs to the E. edge of the plateau surrounding 
Dawes. The third and most northerly cleft begins at a point 
immediately N. of the promontory, cuts through the S. end of the 
well-known Serpentine ridge on the Mare Serenitatis, and, after 
following a course slightly concave to the N., dies out on the 
N. side of the plateau. This cleft forms the line of demarcation 
between the dark tone of the Mare Serenitatis and the light hue 
of the Mare Tranquilitatis, traceable under nearly every condition 
of illumination, and prominent in all good photographs. 

Dawes. — A ring-plain 14 miles in diameter, situated N.W. of 
Plinius, on a nearly circular light area. Its bright border rises to 
a height of 2000 feet above the Mare, and includes a central 
mountain, a white marking on the B,, and a ridge running from 
the mountain to the S. wall. There are two closely parallel clefts 
on the K side of the plateau running from E. to W., that 
nearer Dawes being the longer, and having a craterlet standing 
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upon it about midway between its extremities. At its W. termi- 
nation tliere is a crater-row running at right angles to it. The 
light area appears to be bounded on the E. by a low curved 
bank. 

Vitruvius. — A ring-plain 19 miles in diameter with bright but 
not very lofty walls, situated among the mountains near the S.W. 
side of the Mare Serenitatis. It is surrounded by a region re- 
markable for its great variability in brightness. There is a large 
bright ring-xilain on the W., with a less conspicuous companion on 
the y. of it. 

Maraldi. — A deej) but i^ather inconspicuous formation, bounded 
on the W. by a polygonal border. A small ring-plain with a cen- 
tral mountain is connected with the S.W. wall ; and, running in a 
N. direction from this, is a short mountain arm which joins a large 
circular enclosure with a low broken border standing on the N. 
side of the Mare Tranquilitatis. 

Littkow. — A peculiar ring-plain, rather smaller than the last, 
some distance N. of Vitruvius, on the rocky W. border of the 
Mare Serenitatis. It is shaped like the letter D, the straight 
side facing the W. There is a distinct crater on the N. wall. On 
the N.W. it is Hanked by three irregular ring-plains, and on the 
S.E. by a fourth, Neison shows two small mountains on the floor, 
but Schmidt, whose drawing is very true to nature, has no detail 
whatever. A line cleft may be traced from near the foot of the 
E. wall to Mcunt Arga3us, passing S. of a bright crater on the 
Mare E. of Littrow, It extends towards the Plinius system, and 
is probably connected with it. 

Mount AuG/RUS. — There are few objects on the moon’s visible 
surface which afford a more striking and beautiful picture than 
this mountain and its surrounding heights with their shadows a 
few hours after sunrise. It attains an altitude of more than 8000 
feet above the Mare, and at a certain phase resembles a bright 
spear-head or dagger. There is a well-defined rimmed depression 
abutting on its southern point. 

ll()MER.- — A prominent formation of irregular outline, 24 miles 
in diameter, situated in the midst of the Taurus highlands. It 
has a very large central mountain, a crater on the N. side of 
the floor, and terraced inner slopes. Some distance on the N. is 
another ring, nearly as large, with a crater on its H. rim, and 
between this and Posidonius is another with a wide gap on the 
S. and a crater on its N. border. One of the most remarkable 
crater-rills on the moon runs from the E. side of Ecimer through 
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this latter ring, and then northwards on to the plain W. of Posi- 
donius. Tinder suitable conditions, it can be seen as such in a 
4-inch achromatic. It is easily traceable as a rill in a photograph 
of the N. polar region of the moon, taken by MM. Henry at the 
Paris Observatory, and recently published in Knowledge, 

Le Monniee. — A great inflection or bay on the W. border of 
the Mare Serenitatis S. of Posidonius. Like many other similar 
formations on the edges of the Maria, it appears at one time or 
other to have had a continuous rampart, which on the side facing 
the sea ” has been destroyed. In this, as in most of the other 
cases, relics of the ruin are traceable under oblique light* A 
fine crescent-shaped mountain, 3000 feet high, stands near the 
S. side of the gap, and probably represents a poi'tion of a once 
lofty wall. It will repay the observer to watch the progress of 
sunrise on the whole of the W. coast-line of the Mare up to 
Mount Arggeus. 

Posidonius. — This magnificent ring-plain is justly regarded as 
one of the finest telescopic objects in the first quadrant. It^ 
narrow bright wall with its serrated shadow, the conspicuous 
crater, the clefts and ridges and other details on the floor, together 
with the beautiful group of objects on the neighbouring j)laiu, 
and the great Serpentine ridge on the E., never fail to excite the 
interest of the observer. The circumvallation, which is far from 
being perfectly regular, is about 62 miles in diameter, and, con- 
sidering its size, is not remarkable for its altitude, as it nowhere 
exceeds 6000 feet above the interior, which is depressed about 
2000 feet below the surrounding plain. Its continuity, especially 
on the E., is interrupted by gaps. On the H., the wall is 
notably deformed. It is broader and more regular on the W., 
where it includes a large longitudinal depression, and on the 
H.W. section stand two bright little ring-plains. On the floor, 
which shines with a ghttering lustre, are the well-marked re- 
mains of a second ring, nearly concentric with the principal 
rampart, and separated from it by an interval of nine or ten 
miles. The most prominent object, however, is the bright crater 
a little E. of the centre. This is partially surrounded on the W. 
by three or four small bright mountains, through which runs in 
a meridional direction a rill-valley, not easily traced as a whole, 
except under a low sun. There is another cleft on the N.E. side 
of the interior, which is an apparent extension of part of the 
inner ring, a transverse rill-valley on the N., a fourth quasi rill 
on the N.W., and a fifth short cleft on the S. part of the floor* 
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Between the principal crater and the S.E. wall are two smaller 
craters, which are easy objects. Beyond the border on the N., 
in addition to Daniell, are four conspicnous craters and many 
ridges. 

Ohacobnac.' — This object, connected with Posidonius on the 
S.W., is remarkable for the brilliancy of its border and the 
peculiarity of its shape, which is very clearly that of an irregular 
pentagon with linear sides. I always find the* detail within very 
diiiicult to make out. Two or more low ridges, traversing the 
floor from N. to S., and a small crater, are, however, clearly 
visible under oblique illumination. Schmidt draws a crater-rill, 
and Neison two parallel rills on the floor, — ^the former extends 
in a southerly direction to the W. side of Le Monnier. 

Daniell. — A bright little ring-plain N*. of Posidonius* It is 
connected with a smaller ring-plain on the N. W. wall of the latter 
by a low ridge. 

Bond, G-, P. — A small bright ring-plain 12 miles in diameter, 
W. of Posidonius. Neison shows a crater both on the N. and 
S. rim. Schmidt omits these. 

Maury. — A bright deep little ring-plain, about 12 miles in 
diameter, on the W. border of the Lacus Somniorum. It is the 
centre of four prominent hill ranges. 

Grove. — A bright deej) ring-plain, 1 5 miles in diameter, in 
the Lacus Somniorum, with a border rising 7000 feet above a 
greatly depressed floor, which includes a prominent mountain. 

Mason. — The more westerly of two remarkable ring-plains, 
situated in the highlands on the S. side of the Lacus Mortis. It 
is 14 miles in diameter, has a distinct crater on its S. wall, and, 
according to Schmidt, a crater on the E. side of the floor. 

Plana. — A formation 23 miles in diameter, closely associated 
with the last. Neison states that the floor is convex and higher 
than the surrounding region. It has a triangular-shaped central 
mountain, a crater, and at least three other depressions on the 
S.W. wall where it joins Mason. 

' Burg. — A noteworthy formation, 28 miles in diameter, on the 
Mare, N. of Plana. The floor is concave, and includes a very 
large bright mountain, which occupies a great portion of it. The 
interior slopes are prominently terraced, and there are several 
spurs associated with the glacis on the S. and N.E. A distinct 
cleft runs from the N. side of the formation to the S.E. border of 
the Lacus Somniorum, which is crossed by another winding cleft 
running from a crater E. of Plana towards the N.E. 
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Baily. — A small ring-plain, N. of Burg, Hanked by mountains, 
with a large bright crater on the W. The group of mountains 
standing about midway between it and Burg are very noteworthy. 

Gaetnek. — A very large walled-plain with a low incomplete 
border on the E., but defined on the W. by a lofty wall. Schmidt 
shows a curved crater-row on the W. side of the floor. 

Democritus. — A deep regular ring-plain, about 25 miles in 
diameter, with a bright central mountain and lofty terraced walls. 

Arnold. — A great enclosure, bounded, like so many other 
formations hereabouts, by straight parallel walls. . There is a 
somewhat smaller walled-plain adjoining it on the W. 

Moigno. — A ring-plain with a dark floor, adjoining the last on 
the N.E. There is a conspicuous little crater in the interior. 

Euctemon. — This object is so close to the limb that very little 
can be made of its, details under the most favourable conditions. 
According to Neison, there is a peak on the N. wall il,ooo feet 
in height. 

Meton. — A peculiarly-shaped walled-plain of great size, ex- 
hibiting considerable parallelism. The floor is seen to be very 
rugged under oblique illumination. 


WEST LONGITUDE 20° to o\ 

Sabine. — The more westerly of a remarkable pair of ring-plains, 
of which Eitter is the other member, situated on the E. side of 
the Mare Tranquilitatis a little N. of the lunar equator. It is 
about 18 miles in diameter, and has a low continuous border, 
which includes a central mountain on a bright floor. Erom a 
mountain arm extending from the S. wall, run in a westerly direc- 
tion two nearly parallel clefts skirting the edge of the Mare. 
The more southerly of these terminates near a depression on a 
rocky headland projecting from the coast-line, and the other 
stops a few miles short of this. A third cleft, commencing at 
a point N.E. of the headland, runs in the same directiqn up to 
a small crater near the N. end of another cape-like projection. 
At 8h, on April 9, 1886, when the morning terminator bisected 
Sabine, I traced it still farther in the same direction. All these 
clefts exhibit considerable variations in width, but become 
narrower as they proceed westwards. 

Eitter is very similar in every respect to the last. A 
curved rill mentioned by Neison is on the N.E. side of the 
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floor and is concentric with the wall. On the N. side of this 
ring-plain are three conspicuous craters, the two nearer being 
equal in size and the third much smaller. 

Sci-BIIDT. — A bright crater at the foot of the S. slope of Eitter. 

Dionysius. — This crater, 13 miles in diameter, is one of the 
brightest spots on the lunar surface. It stands on the E. border 
of the Mare, about 30 miles -E.JSr.E. of Eitter. A distinct crater- 
row runs round its outer border on the W., and ultimately, as a 
delicate cleft, strikes across the Mare to the E. side of Eitter. 
Both crater-row and cleft are easy objects in a 4-inch achromatic 
under morning illumination, 

Abiad.^RUS. — A bright little crater of polygonal shape, with 
another crater of about one-third the area adjoining it on the 
N.W., situated on the rocky E. margin of the Mare Tranquilitatis, 
N.E. of Eitter. A short cleft runs from it towards the latter, but 
dies out about midway. A second cleft begins hear its termina- 
tion, and runs up to the N.E. wall of Eitter. E. of this pair a 
third distinct cleft, originating at a j)oint on the coast-line about 
midway between Ariadaous and Dionysius, ends near the same 
place on the border. There is a fourth cleft extending from the 
N. side of a little bay N. of Ariadaeus across the Mare to a point 
N.W. of the more northerly of the three craters N. of Hitter. At 
a small crater on the B. flank of the mountains bordering the 
little bay N. of Ariadaous originates one of the longest and most 
noteworthy clefts on the moon’s visible surface, discovered more 
than a century ago by Schrbter of Lilienthal. It varies consider- 
ably in breadth and dei^th, but throughout its course over the 
plain, between Ariadaous and Silberschlag, it can be followed 
without difficulty in a very small telescope. E. of the latter 
formation, towards Hyginus (with which rill-system it is con- 
nected), it is generally more difficult. A few miles E. of 
Ariadaeus it sends out a short branch, running in a S.W. direc- 
tion, which can be traced as a fine white line under a moderately 
high sun. It is interesting to follow the course of the principal 
cleft across the plain, and to note its progress through the ridges 
and mountain groups it encounters. In the great Lick telescope 
it is seen to traverse some old crater-rings which have not been 
revealed in smaller instruments. About midway between Ariadaeus 
and Silberschlag it exhibits a duplication for a short distance, 
first detected by Webb. 

De Morgan. — A brilliant little crater, 4 miles in diameter, on 
the plain S. of the Ariadoeus cleft. 
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Cayley. — A very deep bright crater, with a dark interior, IST. of 
the last, and more than double its diameter. There is a second 
crater between this and the cleft. 

Whewell. — Another bright little ring, about 3 miles in dia- 
meter, some distance to the E. of De Morgan and Cayley. 

Sosigenes. — A small circular ring-plain, 14 miles in diameter, 
with narrow walls, a central mountain, and a minute crater out- 
side the wall on the E. ; situated on the E. side of the Mare Tran- 
quilitatis, W. of Julius Osesar. There is another crater, about 
half its diameter, on the S., connected with it by a low mound. 
This has a still smaller crater on the W. of it. 

Julius O^esae. — A large incomplete formation of irregular 
shape. The wall on the E. is much terraced, and forms a flat 
‘"S” curve. The summit ridge is especially bright, and has a 
conspicuous little crater upon it. On the W. is a number of 
narrow longitudinal valleys trending from N. to S., included by 
a wide valley which constitutes the boundary on this side. The 
border on the S. consists of a number of low rounded banks, 
those immediately E. of Sosigenes being traversed by several 
shallow valleys, which look as if they had been shaped by 
alluvial action. There is a brilliant little hill at the end of one 
of these valleys, a few miles E. of Sosigenes. The floor of Julius 
Caesar is uneven in tone, becoming gradually duskier from S. to 
N., the northern end ranking among the darkest areas on the lunar 
surface. There are at least three large circular swellings in the 
interior. A long low mound, with two or three depressions upon 
it, bounds the wide valley on the E. side. 

Godin. — A square-shaped ring-plain, 28 miles in diameter, 
with rounded corners. The bright rampart is everywhere lofty, 
except on the S., is much terraced, and includes a central moun- 
tain. On the 8. a curious trumpet-shaped valley, extending some 
distance towards the S.W., and bounded by bright walls, is a note- 
worthy feature at sunrise. There are other longitudinal valleys 
with associated ridges on this side of the formation, all running 
in the same direction. There is a large bright crater outside the 
border on the N.E., and, between it and the wall, another, smaller, 
which is readily seen under a high sun. 

Ageippa.— A ring-plain 28 miles in diameter on the N. of the 
last, with a terraced border rising to. a height of between 7000 and 
8000 feet above the floor, which contains a large bright central 
mountain and two craters on the S. The shape of this formation 
deviates very considerably from circularity, the N. wall, on which 
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stands a small crater, being almost lineal. On the W., at a dis- 
tance of a few miles, runs the prominent mountain range, extending 
northwards nearly up to the E. flank of Julius Csesar, which bounds 
the E. side of the great Ariadaeiis plain. Between this rocky 
barrier and Agrippa is a very noteworthy enclosure containing 
much minute detail and a long straight ridge resembling a cleft. 
A few miles N. of Agrippa stands a small crater ; at a point W. 
of which the Hyginus cleft originates. 

SiLBERSCliLAG. — A very brilliant crater, 8 or 9 miles in diameter, 
connected with the great mountain range just referred to. The . 
Ariadeeus cleft cuts through the range a few miles N. of it. This 
neighbourhood at sunrise presents a grand spectacle. With high 
powers under good atmospheric conditions, the plain E. of the 
mountains is seen to be traversed by a number of shallow winding 
valleys, trending towards Agrippa, and separated by low rounded 
hills which have all the appearance of having been moulded by the 
action of water. 

Bosoovicii. — This is not a very striking telescopic object under 
any phase, on account of its broken, irregular, and generally ill- 
defined border. It is, however, remarkable as being one of the 
darkest spots on the visible surface : in this respect a fit com- 
panion to Jxxlius Oaosar, its neighbour on the W. Schmidt shows 
some ridges within it. 

EilyETlCUS. — A veiy interesting formation, about 25 miles in 
diameter, situated near the lunar equatox’, with a border inter- 
sected by many passes. A deep rill-like valley winds round its 
eastex'n glacis, commencing on the S. at a small circular enclosure 
standing at the end of a spur from the wall ; and, after crossing a 
ridge W. of a bright little crater on the N. of the formation, 
apparently joins the most easterly cleft of the Triesnecker system. 
A cleft traverses the N. side of tlie floor of Ehaeticus, and extends 
across the plain on the E. as far as the N. side of E 4 aixmur. 

Tmesneokeu. — Apart from being the centre of one of the 
most remarkable rill-systems on the moon, this ring-iilain, though 
only about 14 miles in diameter, is an object especially worthy of 
examination under every phase. At suniise, and for some time 
afterwards, owing to the sxxj)exior altitude of the N.W. section of 
the wall, a considerable portion of the border on the N. and N.E. is 
masked by its shadow, which thus appears to destroy its continuity. 
On more than one occasion, friends, to whom I have shown this 
object under these conditions, have likened it to a breached 
volcanic cone, a comparison which at a later stage is seen to be 
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very inappropriate. The rampart is terraced within, and exhibits 
many spurs and buttresses without, especially on the N.W. The 
central mountain is small and not conspicuous. The rill-system is 
far too complicated to be intelligibly’ described in words. It lies 
on the W. side of the meridian passing through the formation, 
and extends from the N. side of Ehseticus to the mountain-land 
lying between tJkert and Hyginus on the N. Birt likened these 
rills to ‘'an inverted river system,” a comparison which will com- 
mend itself to most observers who have seen them on a good 
night, for in many instances they appear to become wider and 
deeper- as they approach higher ground. Published maps are all 
more or less defective in their representations of them, especially 
as regards that portion of the system lying N. of Triesnecker. 

Hyginus. — A deep depression, rather less than 4 miles across, 
with a low rim of varying altitude, having a crater on its N. edge. 
This formation is remarkable for the great cleft which traverses 
it, discovered by Schroter in 1788. The coarser parts of this 
object are easily visible in small telescopes, and may be glimpsed 
under suitable conditions with a 2-inch achromatic. Commencing 
a little W. of a small crater N*. of Agrippa, it crosses, as a very 
delicate object, a plain abounding in low ridges and shallow valleys, 
and runs nearly parallel to the eastern extension of the Ariadmus 
lill. As it approaches Hyginus it becomes gradually coarser, and 
exhibits many expansions and contractions, the former in many 
cases evidently representing craters. When the phase is favour- 
able, it can be followed across the floor of Hyginus, and I have 
frequently seen the banks with which it appears to be bounded 
(at any rate within the formation), standing out as fine bright 
parallel lines amid the shadow. On reaching the E. wall, it turns 
somewhat more to the N., becomes still coarser and more irregular 
in breadth, and ultimately expands into a wide valley on the N.E. 
It is connected with the Ariadaeus cleft by a branch which leaves 
the latter at an acute angle on the plain B. of Silberschlag, and 
joins it about midway between its origin N. of Agrippa and 
Hyginus. It is also probably joined to the Triesnecker system by 
one or more branches E. of Hyginus. 

On May 27, 1877, Hermann Klein of Cologne discovered, 
with a 5j-inchPlosel dialyte telescope, a dark apparent depression 
without a rim in the Mare Vaporum, a few miles H.W. of Hyginus, 
which, from twelve years’ acquaintance with the region, he was 
certain had not been visible during that period. On the an- 
nouncement of this discovery in the WocTienschrift filo' Astrooiomic 
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in March of the following year, the existence of the object de- 
scribed by Dr. Klein was confirmed, and it was sednlonsly scruti- 
nised nnder various solar altitudes. To most observers it appeared 
as an ill-defined object with a somewhat nebulous border, standing 
on an irregularly-shaped dusky area, with two or more small dark 
craters and many low ridges in its vicinity. A little E. of it 
stands a curious spiral mountain called the Schneckenberg. The 
question as to whether ITyginus N. (as the dusky spot is called) 
is a new object or not, cannot be definitely determined, as, in 
spite of a strong case in favour of it being so, there remains a 
residuum of doubt and uncertainty that can never be entirely 
cleared away. After weighing, however, all that can be said ‘‘ for 
and against,” the hypothesis of change seems to be the mo^t 
probable. 

Ukert. — This bright crater, 14 miles in diameter, situated in 
the region K.E. of Triesnecker, is surrounded by a very com- 
plicated arrangement of mountains; and on the N. and W. is 
flanked by other enclosures. It has a distinct central mountain. 
Its most noteworthy feature is the great valley, more than 80 
miles long, which extends from N.E. to S.W. on the E. side of it. 
This gorge is at least six miles in breadth, of great depth, and is 
only comparable in magnitude with the well-known valley which 
cuts through the Alps, W. of Plato. A delicate cleft, not very 
clearly traceable as a whole, begins near its N. end, and termi- 
nates amid the ramifications of the Apennines S. of Marco Polo. 

Taquet. — A conspicuous little crater on the S. border of the 
Mare Serenitatis at the foot of the Haemus Mountains. A branch 
of the great Serpentine ridge, which traverses the W. side of this 
plain and other lesser elevations, run towards it. 

Menelaxjs. — A conspicuously bright regular ring-plain, about 
20 miles in diameter, situated on the S. coast-line of the Mare 
Serenitatis, and closely associated with the Hasmus range. It 
has a brilliant central mountain, but no visible detail on the walls.; 
On the edge of the Mare, S.W. of it, there is a curious square 
formation. The bright streak traversing the Mare from N. to S., 
which is so prominently disiDlayed in old ma.ps of the moon, passes 
through this formation. 

SuLPiciTJS Gallus. — Another brilliant object on the south edge 
of the Mare Serenitatis, some distance E. of the last. It is a 
deep circular crater about 8 miles in diameter, rising to a consi- 
derable height above the surface. Its shadow under a low morning 
sun is prominently jagged. On the B. are two bright mounds. 
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and S. of tliat which is nearer the border of the Mare, commences 
a cleft which, following the curvature of the coast-line, terminates 
at a point in W. long. 9°. This object varies considerably in width 
and depth. Another shorter and coarser cleft runs S. of this across 
an irregularly shaped bay or inflexion in the border of the Mare. 

Manilius. — This, one of the most brilliant objects in the first 
quadrant, is about 25 miles in diameter, with walls nearly 8000 
feet above the floor, which includes a bright central mountain. 
The inner slope of the border on the E. is much terraced and con- 
tains some depressions. There is a small isolated bright mountain 
2000 feet high on the Mare Vaporum, some distance to the B. 

Bessel. — A bright circular crater, 14 miles in diameter, on the 
S. half of the Mare Serenitatis, and the largest object of its class 
thereon. Its floor is depressed some 2000 feet below the sur- 
rounding surface, while the walls, rising nearly 1600 feet above 
the plain, have peaks both on the N. and S. about 200 feet higher. 
The shadows of these features, noted by Schroter in 1797, and 
by many subsequent observers, are very noteworthy. I have seen 
the shadow of a third peak about midway between the two. One 
may faintly imagine the magnificent prospect of the coast-line of 
the Mare with the Haemus range, which would be obtained were it 
possible to stand on the summit of one of these elevations. It is 
doubtful whether Bessel has a central mountain. Neither Miidler 
nor Schmidt have seen one, though Webb noted a peak on two 
occasions- I fail to see anything within the crater. The bright 
streak crossing the Mare from N. to S. passes through Bessel. 

Linn]£. — A formation on the E. side of the Mare Serenitatis, 
described by Lohrmann and Madler as a deep crater, but which in 
1866 was found by Schmidt to have lost all the appearance of 
one. The announcement of this apparent change led to a critical 
examination of the object by most of the leading observers, and 
to a controversy which, if it had no other result, tended to awaken 
an interest in selenography that has been maintained ever since. 
According to Madler, the crater was more than 6 miles in 
diameter in his time, and very conspicuous under a low sun, a 
description to which it certainly did not answer in 1867 or at 
any subsequent epoch. It is anything but an easy object to see 
well, as there is a want of definiteness about it under the best 
conditions, though the minute crater, the low ridges, and the 
nebulous whiteness described by Schmidt and noted by Webb 
and others, are traceable at the proper phase. As in the case of 
Hyginus X, there are still many sceptics as regards actual change, 
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despite the records of Lolirmann and MMler ; but the evidence 
in favour of it seems to preponderate. 

OONON. — A bright little crater, 1 1 miles in diameter, situated 
among the intricacies of the. Apennines, S, of Mount Bradley. It 
has a central hill, which is not a difficult object. 

Aeatus. — One of the most brilliant objects on the visible surT 
face of the moon, a crater 7 miles in diameter, S. of Mount 
Hadley, suironnded by the lofty mountain arms and towering 
heights of the Apennines, A peak close by on the N. is more 
than 10,000 feet, and another farther removed towards the IST.W. 
is over 14,000 feet in altitude, 

Auxolycus. — A ring -plain 23 miles in diameter, deviating 
considerably from circularity, W. of Archimedes, on the Mare 
Imbrium, or rather on that part of it termed the Palus Putre- 
dinis. Its floor, which contains an inconspicuous central moun- 
tain, is depressed some 4000 feet below the surrounding country, 
With a power of 150 on a 4f achromatic, Dr. Sheldon of Maccles- 
field has seen two shallow crateiiform depressions in the interior, 
one nearly central, and the other about midway between it and 
the N, wall. The wall is terraced within, and has a crater just 
below its crest on the W., which, when the opposite border is on 
the morning terminator, is seen as a distinct notch. Autolycus 
is the centre of a minor ray-system. 

Aristillus. — A larger and much more elaborate ring-plain, 34 
miles in diameter, N. of Autolycus. Its complex wall, with its 
terraces within, and its buttresses, radiating spurs, and gullies 
without; forms a grand telescopic object under a low sun on a 
good night. It rises on the east 11,000 feet above the Mare, and 
is about 2000 feet lower on the W., while the interior is depressed 
some 3000 feet. Its massive central mountain, surmounted by 
many peaks, occupies a considerable area on the floor, and exhibits 
a digitated outline at the base. On the S. and W. a number of 
deep valleys radiate from the foot of the border, some of them 
extending nearly as far as Autolycus. Shallower but more 
numerous and regular features of the same class radiate towards 
the N.B. from the foot of the opposite wall. On the N.W. are 
several curved ridges, all trending towards Thesetetus. On the 
S.E. the surface is trenched by a number of crossed gullies, well 
seen when the E. wall is on the morning terminator. Just 
beyond the N, glacis is a large irregular dusky enclosure with a 
central mound, and another smaller low ring adjoining it on the 
S.E. The visibility of these objects is very ephemeral, as they 
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disappear soon after sunrise. Aristillus is also the centre of a 
bright ray system. 

THEiETErtJS, — A conspicuous ring-plain, about i6 miles in dia- 
meter, in the Pains Nebularum, N.W. of Aristillus. It is remark- 
able for its great depth, the floor sinking nearly 5000 feet below 
the surface. Its walls, 7000 feet high on the W., are devoid of 
detail. The glam on the S.W. has a gentle slope, and extends 
for a great distance before it runs down to the level of the plain. 
Not far from the foot of the wall on the N. is a row of seven or 
eight bright little hills, near the eastern side of which originates 
a distinct cleft that crosses the Pains in a N.W. direction, and 
terminates among mountains between Oassini and Calippus. I 
have seen this object easily with a 4-inch achromatic. 

OA-LIPPUS. — A bright ring-plain 17 miles in diameter, situated 
in the midst of the intricate Caucasus Mountain range. On the 
E. is a brilliant peak rising more than 13,000 feet above the Palus 
Nebularum, and nearer the border, on the N.E., is a second, more 
than 500 feet higher, with many others nearly as lofty in the 
vicinity. Calippus has not apparently a central peak or any other 
features on the floor. 

Cassixi. — This remarkable ring-plain, about 36 miles in dia- 
meter, is very similar in character to Posidonius. It has a very 
narrow wall, nowhere more than 4000 feet in height, and falling 
on the E. to 1500 feet. Though a prominent and beautiful 
object under a low sun, its attenuated border and the tone of 
the floor, which scarcely differs from that of the surrounding 
surface, render it difScult to trace under a high angle of illumina- 
tion, and perhaps accounts for the fact that it escaped the notice 
of Hevel and Riccioli ; though it is certainly strange that a for- 
mation which is thrown into such strong relief at sunrise and 
sunset should have been overlooked, while others hardly more 
prominent at these times have been drawn and described. The 
outline of Cassini is clearly polygonal, being made up of several 
rectilineal sections. The interior, nearly at the same level as the 
outside country, includes a large bright ring-plain, A, 9 miles in 
diameter and 2600 feet in depth, which has a good-sized crater on 
the S. edge of a great bank which extends from the S.W. side of 
this ring-plain to the wall. On the E. side of the floor, close to 
the inner foot of the border, is a bright deep crater about two- 
thirds of the diameter of A, and between it and the latter Brenner 
has seen three small hills. The outer slope of Cassini includes 
much detail. On the S.W. is a row of shallow depressions 
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just below the crest of the wall, and near the foot of the slope is 
a large circular shallow depression associated with a valley which 
runs partly round it. The shape of the glacis on the W is especi- 
ally noteworthy, the S W and N W sides meeting at a slightly 
acute angle at a point lo or 12 miles W. of the summit of the 
ring On the outer B slope is a curious elongated depression, 
and on the N slope two large dusky rings, well shown by Schmidt, 
but omitted in other maps Most of these details are well within 
the scope of moderate apertures Perhaps the most striking 
view of Oassmi and its surroundings is obtained when the morn- 
ing terminator is on the cential meridian. 

Alfxainder — A large irregularly shaped plain, at least 60 
miles in longest diameter, enclosed by the Caucasus Mountains 
On the S W and N W the border is lineal It has a dark level 
floor on which there is a great number of low hills 

Eudoxus — A bright deep ring-i)lain, about 40 miles in dia- 
meter, in tlie hilly region between the Mare Serenitatis and the 
Mare Frigons, with a border much broken by passes, and deviating 
considerably from circularity Its massive walls, rising more 
than 1 1,000 feet above the floor on the W , and about 10,000 feet 
on the opiiosite side, are prominently terraced, and include crater- 
rows in the intervening valleys, while their outer slopes present a 
complicated system of spurs and buttresses. There is a bright 
crater on the N glacis, and some distance beyond the wall on the 
N.W. is a small ring-plain, and on the S E another, with a con- 
spicuous crater between it and the wall Ncison draws attention 
to an area of about 1400 scpiare miles on the N.E. winch is 
covered with a great multitude of low lulls. K. of Eudoxus are 
two short crossed clefts, and on the N*. a long cleft of considerable 
delicacy running from H E to R W It was in connection with 
this formation that ''Prouvelot, on February 20, 1877, when the 
terminator passed through Aristilhis and Alphonsus, saw a very 
narrow thread of light crossing the S part of the interior and 
extending from border to border. He not('d also similar appear- 
ances elsewhere, and termed them Mars cwignmiiques, 

Aeistotblek — A maguifleent ring-plain, 60 miles in diameter, 
with a complex border, surmounted by peaks, rising to nearly 
11,000 feet above the floor, one of which on the W., pertaining 
to a terrace, stands out as a brilliant s^iot in the midst of shadow 
when the interior is filled with shadow. The formation presents 
its most striking aspect at sunrise, when the shadow of the 
W. wall just covers the floor, and the brilliant inner slope of the 
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B wall with the little crater ‘on its crest is fully illuminated. At 
this phase the details of the terraces are seen to the best advan- 
tage The arrangement of the parallel ridges and i cws of hills 
on the N.E. and S.'W, is likewise better seen at this time than 
under an evening sun, A bright and deep ring-plain, about 
jQ miles in diameter, with a distinct central mountain, is con- 
nected with the W wall. 

Egede — A lozenge-shaped formation, about 1 8 miles from 
corner to corner, bounded by walls scarcely more than 400 feet 
in height It is consequently only traceable under very oblique 
illumination. 

The G-eeat Alpine Yalley.— A great wedge-shaped depres- 
sion, cutting through the Alps W. of Plato, from W.N.W. to 
E.S.E. It is more than 80 miles in length, and vaiies in 
breadth from 6 miles on the S. to less than 4 miles on the PT , 
where it approaches the S border of the Mare Fiigoris For a 
greater part of its extent it is bounded on the S W. side by a 
precipitous linear cliff, which, under a low evening sun, is seen 
to be fringed by a row of bright little hills. These are traceable 
up to one of the great mountain masses of the Alps, forming the 
S.W. side of the great oval-shaped expansion of the valley, whose 
shape has been appropriately compared to that of a Florence 
oil-flask, and which Webb terms “ a grand amphitheatre.” On 
the opposite or E.B. side, the boundary of the valley is less 
regular, following a more or less undulating line up to a point 
opposite, and a little E” of, the great mountain mass, where it abuts 
on a shallow Quasi enclosure with lofty walls, which, projecting 
westwards, considerably diminish the width of the valley, South 
of this lies another curved mountain ring, which still farther 
narrows it. This curtailment in width represents the neck of 
the flask, and is apparently about 16 or 17 miles in length, 
and from 3 to 4 miles in breadth, forming a gorge, bordered 
on the W. by nearly vertical cliffs, towering thousands of feet 
above the bottom of the valley , and on the E by many peaked 
mountains of still greater altitude At the entrance to the 
“ amphitheatre,” the actual distance between the colossal rocks 
which flank the deflle is certainly not much more than 2 miles. 
From this standpoint the view across the level interior of the 
elliptical plain would be of extraordinary magnificence. Towards 
the S., but more than 12 miles distant, the outlook of an obser- 
ver would be limited by some of the loftiest peaks of the Alps, 
whose flanks form the boundary of the enclosure, through which, 



FIRST QUADRANT 


65 


however, by at least three narrow passfes lie might perchance get a 
glimpse of the Mare Imbrium beyond. The broadest of these aligns 
with the axis of the valley. It is hardly more than a mile wide at 
its commencement on the S. border of the “ am^Dhitheatre,” but 
expands rapidly into a trumpet-shaped gorge, flanked on either 
side by the towering heights of the Alps as it opens out on to the 
Mare. The bottom, both of the ‘‘ amphitheatre ’’ and of the long 
wedge-shaped valley, appears to be perfectly level, and, as regards 
the central portion of the latter, without visible detail. Under 
morning illumination I have, however, frequently seen something 
resembling a ridge pai'tially crossing '‘the neck,” and, near sunset, 
a tongue of rock jutting out from the E. flank of the constriction, 
and extending nearly from side to side. At the base of the cliff 
bordering the valley on the S.W., five or six little circular pits 
have been noted, some of which appear to have rims. They were 
seen very perfectly with powers of 350 and 400 on an 8|“inch 
Oalver reflector at 8 h. on January 25, 1885, and have been 
observed, bnt less perfectly, on subsequent occasions. The most 
northerly is about 10 miles from, the N.W. end of the formation, 
and the rest occur at nearly regular intervals between it and "the 
neck.” In the neighbourhood of the valley, on either side, there 
are several bright craters. Three stand near the N.E. edge, and 
one of considerable size near the N.W. end on the opposite side. 
A winding cleft crosses the valley about midway, which, strange 
to say, is not shown in the maps, though it may be seen in a 
4-inch achromatic. It originates apparently at a bright triangular 
mountain on the plain S. W. of the valley, and, after crossing the 
latter somewhat obliquely, is lost amid the mountains on the 
opposite side. That portion of it on the bottom of the valley 
is easily traceable under a high light as a white line. The region 
N. of the Alps on the S.W. side of the valley presents many 
details worthy of examination. Among them, parallel rows of 
little hills, all extending fiom N.W. to S.E. There is also a 
number of still smaller objects of the same type on the E. side. 
The great Alpine valley, though first described by Schroter, is said 
to have been discovered on Sei)tember 22, 1727, by Bianchini, but 
it is very unlikely that an object which is so prominent when near 
the terminator was not often remarked before this. 

Akciiytas. — A bright ring-plain, 21 miles in diameter, on the 
edge of the Mare Erigoris, due N. of the Alpine Valley, with 
regular walls rising about 5000 feet above the interior on the 

N.W., and about 4000 feet on the opposite side. It has a very 
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bright central mountain. Several spurs radiate from the wall on 
the S., and a wide valley, flanked by lofty heights, forming the 
S.W. boundary of W. C. Bond, originates on the N". side. There 
is also a crater-rill running towards the N.W. On the Mare, 
S.W. of Archytas, is a somewhat smaller ring-plain, Archytas A 
(called by Schmidt, Protagoeas), with lofty walls and a central 
hill. 

Christian Mayer. — A prominent rhomboidal-shaped ring-plain, 

1 8 miles in diameter, associated on every side, except the N., with 
a number of irregular inconspicuous enclosures. It has a central 
peak. Madler discovered two delicate short clefts, both running 
from N.W. to S.B., one on the W. and the other on the E. of this 
formation. 

W. 0 . Bond. — A great enclosed plain of rhomboidal shape on 
the N. of Archytas, the bright ring-plain Timaeus standing near 
its E. corner, and another conspicuous but much smaller en- 
closure with a smaller crater W. of it on the floor at the opposite 
angle. The interior, which is covered with rows of hillocks, is 
very noteworthy at sunrise. 

Barrow. — There are few more striking or beautiful objects at 
sunrise than this, mainly because of the peculiar shape of its 
brilliant border and the remarkable shadows of the lofty peaks on 
its western wall. There is a notable narrow gap in the rampart 
on the W., which appears to extend to the level of the floor. 
The walls, especially on the S., are very irregular, and include 
two large deep craters and some minor depressions. If the 
formation is observed when its E. wall is on the morning ter- 
minator, a fine view is obtained of the remarkable cratei’-row 
which winds round the N. side of Goldschmidt. Barrow is about 
40 miles in diameter. According to Schmidt, there is one crater 
in the interior, a little S.E. of the centre. 

SooRESBY. — A much fore-shortened deep ring-plain, 36 miles 
in diameter, between Barrow and the limb. It has a central 
mountain with two peaks, which are very difficult to detect. 

Ohallis. — A ring-plain adjoining Scoresby on the N.E. It is 
of about the same size and shaiDe. 

Main. — A very similar formation, on the N. of the last, much 
too near the limb to be well observed. 
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Mtjkcpiison. — A considerable ring-plain about 35 miles across 
on the B., where it abuts on Pallas. It is a pear-shaped forma- 
tion, bounded on the N. by a mountainous region, and gradually 
diminishes in width towards the S.E., on which side it is open to 
the plain. The walls are of no great altitude, hut, except on the 
N.W., are very bright. At the S. termination of the W. wall 
there is an exceedingly brilliant crater, Murchison a, five miles in 
diameter and some 3000 feet deep; adjoining which on the 
N.W. is an oval depression and a curious forked projection 
from the border. The only objects visible in the interior are 
a few low ridges on the E. side, and a number of long spurs 
running out from the wall on the N. towards the centre of 
the floor. Murchison A is named Chladni by Lohrmann. 

Pallas. — A fine ring-plain, about 32 miles in diameter, forming 
with Murchison an especially beautiful telescopic object under 
suitable illumination. Its brilliant border, broken by gaps on the 
W., where it abuts on Murchison, has a bright crater on the N.E., 
from which, following the curvature of the wall, and just below 
its crest, runs a valley in an easterly direction. There is a large 
bright central mountain on the floor, with a smaller elevation to 
the S. of it, and a ridge extending from the N. wall to near the 
centre. On the W., a section of the border is continued in a N. 
direction far beyond the limits of the formation ; and on the S. it 
is connected with a small incomplete ring ; on the E. of which, 
near the foot of the wall, is a somewhat smaller and much duskier 
enclosure. 

Bole. — A brilliant ring-plain, 9 miles in diameter, situated on 
the N. side of Pallas. Its walls rise about 5000 feet above the 
interior, which is considerably depressed, and includes, according 
to Schmidt and Webb, a mountain or ridge. There are two 
parallel valleys on the W., which are well worth examination. 

SoMMEMNG. — An incomplete ring-plain, 1 7 miles in diameter, 

67 


68 


THE MOON 


situated on the lunar equator. It has rather low broken walls 
and a dark interior. 

ScHKOTEE. — A somewhat larger formation, with a border want- 
ing on the S. Schmidt draws a considerable crater on the S.W. 
side of the floor. It was in the region north of this object, which 
abounds in little hills and low ridges, that in the year 1822 
Grxiithuisen discovered a very remarkable formation consisting of 
a number of parallel rows of hills branching out (like the veins 
of a leaf from the midrib) from a central valley at an angle of 45°, 
represented by a depression between two long ridges running 
from north to south. The regularly arranged hollows between 
the hills and the longitudinal valley suggested to his fertile 
imagination that he had at last found a veritable city in the moon 
— possibly the metropolis of Kepler’s Suivolvani, who vrere sup- 
posed to dwell on that hemisphere of our satellite which faces the 
earth. At any rate, he was firmly convinced that it was the work of 
intelligent beings, and not due to natural causes. This curious 
arrangement of ridges and furrows, which, according to Webb, 
measures about 23 miles both in length and breadth, is, owing to 
the shallowness of the component hills and valleys, a very difficult 
object to see in its entirety, as it must be viewed when close to 
the terminator, and even then the sun’s azimuth and good defini- 
tion do not always combine to afford a satisfactory glimpse of its 
ramifications. M. Gaudibert has given a drawing of it in the 
JEnglish Mechanic ^ voL xviii. p. 638. 

Gambart. — A regular ring-plain, 16 miles in diameter, with a 
low border and without visible detail within ; situated nearly on 
the lunar equator, about 130 miles S.S.W. of Copernicus, at the 
KW. edge of a very hilly region. A prominent pear-shaped 
mountain, with a small crater upon it, stands a short distance on 
the S.W., and further in the same direction, a large bright crater 
with two much smaller craters on the N. of it. The rough hilly 
district about midway between Copernicus and Gambart is re- 
markable for its peculiar dusky tone and for certain small dark 
spots, first seen by Schmidt, and subsequently carefully observed 
by Dr. Klein. The noteworthy region where these peculiar 
features are found represents an area of many thousand square 
miles, and must resemble a veritable Mal;pais, covered probably 
with an incalculable number of craters, vents, cones, and pits, 
fiUed with volcanic debris. It is among details of this character 
that the true analogues of some terrestrial ■ volcanoes must be 
looked for. Under a low angle of illumination the surface lore- 
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sents an extraordinarily rongh aspect, well worthy of exaraina- 
tion, blit the dusky areas and the black spots can only be 
satisfactorily distinguished under a somewhat, high sun. I have, 
however, seen them fairly well when the W. wall of Eeinhold 
was on the morning terminator. 

Marco Polo. — A small and very irregularly-shaped enclosure 
(difficult to see satisfactorily) on the S. flank of the Apennines. 
It is hemmed in on eveiy side by mountains. 

Eratosthenes. — A noble ring-plain, 38 miles in diameter ; a 
worthy termination of the Apennines. The best view of it is 
obtained under morning illumination when the interior is about 
half-filled with shadow. At this phase the many irregular te 3 > 
races on the inner slope of the E. wall (which rises at one peak 
16,000 feet above an interior depressed 8000 feet below the Mare 
Imbrium) are seen to the best advantage. The central mountain 
is made up of two principal peaks, nearly central, from which 
two bright curved hills extend nearly up to the N.W. wall, — the 
whole forming a V-shaped arrangement. On the S. there is a 
narrow break in the wall, and the S.W. section of it seems to 
overlap and extend some distance beyond the S.E. section. The 
border on the S.W. is remarkable for the great width of its 
glacis. Eratosthenes exhibits a marked departure from circu- 
larity, especially on the E., where the wall consists of two well- 
marked linear sections, with an intermediate portion where the 
crest for 20 miles or more bends inwards or towards the centre. 
Prom the S.E. flank of this formation extends towards the W. 
side of Stadius one of the grandest mountain arms on the moon's 
visible surface, rising at one place 9000 feet, and in two others 
5000 and 3000 feet respectively above the Mare Imbrium. If this 
magnificent object is observed when the morning terminator falls 
a little E. of Stadius, it affords a spectacle not easily forgotten. 
I have often seen it at this phase when its broad mass of shadow 
extended across the well-known crater-row W. of Copeimicus, some 
of the component craters appearing between the spires of shade 
representing the loftiest peaks on the mountain arm. There is 
a prominent little crater on the crest of the arm between two of 
the peaks, and another on the plain to the west. 

Stadius. — An inconspicuous though a very interesting for- 
mation, 43 miles in diameter, W. of Copernicus, with a border 
scarcely exceeding 200 feet in height. Hence it is not surprising 
that it was for a long time altogether overlooked by Madler. 
Except as a known object, it is only traceable under very oblique 
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illumination, and even then some attention is required before its 
very attenuated wall can be followed all round. It is most pro- 
minent on the W., where it apparently consists of a S. extension 
of the Eratosthenes mountain-arm, and is associated with a 
number of little craters and pits. This is succeeded on the S.W. 
by a narrow strip of bright wall, and on the S. by a section made 
up of a piece of straight wall and a strip curving inwards, forming 
the S. side. On the E. the border assumes a very ghostly char- 
acter, and appears to be mainly defined by rows of small de]3res- 
sions and mounds. On the N.E., N., and N.W. it is still lower 
and narrower ; so much so, that it is only for an hour or so after 
sunrise or before sunset that it can be ti'aced at all. On every 
side, with the exception of the curved piece on the S., the wall 
consists of linear sections. The interior contains a great number 
of little craters and very low longitudinal mounds. Ten craters 
are shown in Beer and Madler’smap. Schmidt only draws fifteen, 
though in the text accompanying his chart he says that he once 
counted fifty. In the monograph published in the Journal of the 
Liverpool Astronomical Society (vol. v. part 8), forty-one are re- 
presented. They appear to be rather more numerous on the S. 
half of the floor than elsewhere. Just beyond the limits of the 
border on the N., is a bright crater with a much larger obscure 
depression on the W. of it. The former is surrounded by a 
multitude of minute craters and crater-cones, which are easily 
seen under a low sun. Though almost every trace of Stadius 
disappears under a high light, I have had little difficulty in seeing 
portions of the border and some of the included details when 
the morning terminator had advanced as far as the E. wall of 
Herodotus, and the site was traversed by innumerable light 
streaks radiating from Copernicus. At this phase the bright 
crater, just mentioned, on the N. edge of the border was toler- 
ably distinct. 

CoPEBNiCUS. — This is without question the grandest object, 
not only on the second Quadrant, but on the whole visible supei’- 
ficies of the moon. It undoubtedly owes its supremacy partly to 
its com|)arative isolation on the surface of a vast plain, where 
there are no neighbouring formations to vie with it in size and 
magnificence, but partly also to its favourable position, which is 
such, that, though not central, is sufficiently removed from the 
limb to allow all its manifold details to be critically examined 
without much foreshortening. There are some other formations, 
Langrenus and Petavius, for example, which, if they were equally 
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well situated, would probably be fully as striking ; but, as we see it^ 
Copernicus is excellence the monarcli of the lunar ring-moun- 
tains. Schmidt remarks that this incomparable object combines 
nearly all the characteristics of the other ring-plains, and that 
careful study directed to its unequalled beauties and magnificent 
form is of much more value than that devoted to a hundred other 
objects of the same class. It is fully 56 miles in diameter, and, 
though generally described as nearly circular, exhibits very dis- 
tinctly under high powers a polygonal outline, approximating very 
closely to an equilateral hexagon. There are, however, two sections 
of the crest of the border on the N.E. which are inflected slightly 
towards the centre, a peculiarity already noticed in the case of 
Eratosthenes. The walls, tolerably uniform in height, are sur- 
mounted by a great number of peaks, one of which on the W., 
according to Neison, stands 1 1,000 feet above the floor, and a second 
on the opposite side is nearly as high. Both the inner and outer 
slopes of this gigantic rampart are very broad, each being fully lo 
miles in width. The outer slope, especially on the E., is a fine 
object at sunrise, when its rugged surface, traversed by deep gullies, 
is seen to the best advantage. The terraces and other features on 
the bright inner declivities on this side may be well observed 
when the sun’s altitude is about 6°, Schmidt, whose measures 
differ from those of Neison, estimates the height of the wall on 
the E. to be 12,000 feet, and states that the interior slopes vary 
from 60° to 50° above, to from 10° to 2*^ at the base. The first 
inclination of 50°, and in some cases of 60°, is confined to the 
loftiest steep crests and to the flanks of the terraces. There 
are ajoparently five bright little mountains on the floor, the most 
easterly being rather the largest, and a great number of minute 
hillocks on the S.E. quarter. S.W. of the centre is a little crater, 
and on the same side of the interior a curious hook-shaped ridge, 
projecting from the foot of the wall, and extending nearly half- 
way across the floor. The region surrounding Copernicus is one 
of the most remarkable on the moon, being everywhere traversed 
by low ridges, enclosing irregular areas, which are covered with 
innumerable craterlets, hillocks, and other minute features, and 
by a labyrinth of bright streaks, extending for hundreds of 
miles on every side, and varying considerably both in width and 
brilliancy. 

The notable crater-row on the W., often utilised by observers 
for testing the steadiness of the air and the definition of their 
telescopes, should be examined when it is on the morning ter- 
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minator, at wHcli time Webb’s homely comparison, “ a mole-rnn 
with holes in it” will be ap]3reciated, and its evident connection 
with the E. side of Stadius clearly made ont. There is another 
much more delicate row running closely parallel to this object ; 
it lies a little W. of it, and extends farther in a northerly 
direction. 

Akchimedes. — Next to Plato the finest object on the Mare 
Imbrium. It is about 50 miles in diameter. The average height 
of its massive border is about 4000 feet above the interior, which 
is only depressed some 500 or ,600 feet below the Mare, the 
highest peak (about 7000 feet) being on the S.E. The walls are 
terraced, and include much detail, both within and without. The 
most noteworthy features in connection with this formation are 
the crater-cones, craterlets, pits, white spots, and light streaks 
which figure on the otherwise smooth interior. Mr. T. P. Gray, 
P.E.A.S., of Bedford, who,, with praiseworthy assiduity, has de- 
voted more than ten years to the close scrutiny of these features, 
Mr. Stanley Williams, and others, have detected four crater-cones 
on the E. half of the floor, and about fifty minute craters and 
white spots, also probably volcanic vents, and a very curious and 
interesting series of light streaks, mostly traversing the formation 
from E. to W. A little E.. of the centre is a dusky oval area 
about 6 miles across, and S.W. of this is another, much smaller. 
Under some conditions of illumination the two i^rincipal light 
markings may be traced over the W. wall, and for some distance 
on the plain beyond. 

On the southern side of Archimedes is a very rugged mountain 
region, extending for more than 100 miles towards the south: on 
the W. of this originates a remarkable rill- system, best seen 
under evening illumination. .The two principal clefts follow a 
nearly parallel course up to the face of the Apennines near Mount 
Bradley, crossing in their way, almost at right angles, other clefts 
which run at no great distance from the E. foot of this range and 
ramify among the outlying hills. Archimedes A is a brilliant 
little ring-plain on the S.E. of Archimedes. It casts an extra- 
ordinary shadow at sunrise, and has a well-marked crater-row on 
the E. of it, and two long narrow valleys, one of which appears to 
be a southerly extension of the row. 

Beeb. — A very bright little crater, with an unnamed formation 
of about the same size adjoining it on the N., with which is asso- 
ciated a curious winding ridge that appears to traverse a gap in 
its N. wall. 
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Timochauis. — A fine ring-plain, 23 miles in diameter (tlie 
centre of a minor ray-system). It stands isolated on the Mare 
Imbrinm (below the level of which it is depressed some 3000 
feet), about midway between Archimedes and Lambert. Its 
walls, rising about 7000 feet above the floor, are conspicuously 
terraced, and on their W. outer slopes exhibit some remarkable 
depressions. There is a distinct break on the N., and a bright 
little crater on the N.W., connected with the foot of the glacis by 
a prominent ridge. On the bright central mountain, Schmidt, in 
1842, detected a crater, which is easily seen under a moderately 
high light. Timocharis and the neighbourhood, esi:)ecially the 
peculiar shape of the terminator on the E. of the formation, is 
well worth examination at sunrise. 

PiAZZi Smyth. — A conspicuous little ring-plain, 5 or 6 miles in 
diameter, depressed about 1 500 feet below the Mare Imbrinm, 
with a border rising about 2000 feet above it. With the curious 
arrangement of ridges, of which it is the apparent centre, it is a 
striking object under a low sun. 

Kihch. — A rather smaller object of the same class on the S.B. 

Plato. — This beautiful walled-plain, 60 miles in diameter, with 
its bright border and dark steel-grey floor, has, from the time of 
Hevelius to the present, been one of the most familiar objects to 
lunar observers. In the rude maps of the seventeenth century it 
figures as the ‘‘ Lacus Niger Major,’’ an appellation which not in- 
aptly describes its appearance under a high sun, when the sombre 
tone of its apparently smooth interior is in striking contrast to 
that of the isthmus on which the formation stands. It will repay 
observation under every phase, and though during the last thirty 
years no portion of the moon has been more diligently scrutinised 
than the floor ; the neighbourhood includes a very great number 
of objects of every kind, which, not having received so much atten- 
tion, will afford amj)le employment to the possessor of a good 
telescope during many lunations. 

The border of Plato, varying in height from 3000 to 4000 feet 
above the interior, is crowned by several lofty peaks, the highest 
(7400 feet) standing on the N. side of the curious little triangular 
formation on the E. wall. Those on the W., three in number, 
reckoning from N. to S., are respectively about 5000, 6000, and 
7000 feet in altitude above the floor. The circumvallation being 
very much broken and intersected by passes, exhibits many 
distinct breaches of continuity, especially on the S. There is a 
remarkable valley on the S.W., which, cutting through the border 
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at a wide angle, suddenly turns towards the S.B., and descends 
the slope of the glacis in a more attenuated form. Another but 
shorter valley is traceable at sunrise on the W. On the N.W., 
the rampart is visibly dislocated, and the gap occupied by an 
intrusive mountain mass. This dislocation is not confined to the 
wall, but, under favourable conditions, may be traced across the 
floor to the broken S.E, border. It is probably a true ''fault.’' 
On the N.E., the inner slope of the wall is very broad, and affords 
a fine example of a vast landslip. 

The spots and faint light markings on the floor are of a 
particularly interesting character. During the years 1869 to 
1871 they were systematically observed and discussed under the 
auspices of the Lunar Committee of the British Association. 
Among the forty or more spots recorded, six were found to be crater- 
cones. The remainder — or at least most of them — are extremely 
delicate objects, which vary in visibility in a way that is clearly 
independent of libration or solar altitude ; and, what is also very 
suggestive, they are always found closely associated with the light 
markings, — standing either upon the surface of these features or 
close to their edges. Eecent observations of these spots with 
a 13-inch telescope by Professor W. H. Pickering, under the 
exceptionally good conditions which prevail at Arequipa, Peru, 
have revived interest in the subject, for they tend to show that 
visible changes have taken place in the aspect of the principal 
crater-cones and of some of the other spots since they were so 
carefully and zealously scrutinised nearly a quarter of a century 
ago. The gradual darkening of the floor of Plato as the sun’s 
altitude increases from 20° till after full moon may be regarded 
as an established fact, though no feasible hypothesis has been 
advanced to account for it. 

On the N.E. of Plato is a large bright crater, a ; and, extending 
in a line from this towards the B., is a number of smaller rings, 
the whole group being well worth examination. On the N. there is 
a winding cleft, and some short crossed clefts in the rugged sui*- 
face just beyond the foot of the wall, which I have seen with a 
4-inch achromatic. The region on the W., imperfectly shown in the 
maps, includes much unrecorded detail. On the Mare Imbrium 
S. of Plato is ‘a large area enclosed by low ridges, to which Schroter 
gave the name " Newton.” It suggests the idea that it represents 
the ruin of a once imposing enclosure, of which the conspicuous 
mountain Pico formed a part. 

TlMiEUS. — A very bright ring-plain, 22 miles in diameter, with 
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walls about 4500 feet in height, on the coast- line of the Mare 
Frigoris, and associated with the E. side of the great enclosed 
plain W. 0 . Bond. Schmidt shows a double hill, nearly central, 
and Neison a crater on the S.W. wall. 

blRMiN(iHAM . — A large rhomboidal-shaped enclosure, defined 
by mountain chains and traversed by a number of very remark- 
able parallel ridges. It is situated nearly due 1 S[. of Plato on 
the N. edge of the Mare Prigoris, and lies on the 8.E. side 
of W. 0 . Bond, to which it bears a certain resemblance. This 
region is characterised by the parallelism displayed by many for- 
mations, large and small. It is more apparent hereabouts than in 
any other part of the moon’s visible surface. When favourably 
placed under a low morning sun, Birmingham is a striking tele- 
scopic object. 

PONTINELLE. — A fine ling-plain, 23 miles in diameter, on the 
N. margin of the Mare Prigoris, N.M.B. of Plato, with a wall 
rising on the E., 6000 feet above a bright interior. I find its 
border indistinct and nebulous, excepting under very oblique 
light, though three of the little craters upon it are bright and 
prominent. One stands on the S., another on the H.W., and a 
third on the E. Schmidt shows only the first of these, and 
Neison none of them. Fontinelle has a low central mountain 
which is easily distinguished. Pontinelle A, an isolated mountain 
on the S., is more than 3000 feet high. On the N. there is a 
curious mountain group, also of considerable altitude, and on 
the W. an irregular depression surrounded by a dusky area. 
North of Pontinelle, extending towards Goldschmidt and the 
limb, Schroter discovered a very wide irregular valley which he 
named “ J. J. Oassini.’’ It is really nothing more than a great 
plain hounded by ridges. At 9 h. October 15, 1888, when 
Philolaus was on the morning terminator, I had a fine view of 
it, and, as regards its general shape, found that it agreed very 
closely with Schroter’s drawing. 

Ppi GENES. — A remarkable ring-plain, about 26 miles in diameter, 
abutting on a mountain ridge running parallel to the E. flank of 
W. C. Bond. It is a notable object under a low morning sun. 
There are several elevations on the floor. 

Goldschmidt. — A great abnormally-shaped enclosure with lofty 
walls between Bpigenes and the limb. Neison mentions only 
two crater-pits within. I have seen the rimmed crater shown 
by Schmidt on the W. side and three or four other objects of a 
doubtful kind. 
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Anaxagoras. — A brilliant ring-plain of regular form, 32 miles 
in diameter, adjoining Goldschmidt on the E. It is a promi- 
nent centre of light streaks, some of which traverse the interior 
of Goldschmidt. On the north a peak rises to the height of 
10,000 feet. There is a long ridge on the floor, running from 
E. to W. 

Gioja. — A ring-plain about 26 miles in diameter, near the 
north pole. 


EAST LONGITUDE 20° to 40°. 

Reinholu. — A prominent ring-plain, 31 miles in diameter, 
with a lofty border, rising at a peak on the W. to more than 
9000 feet above the floor. Its shape on the W. is clearly poly- 
gonal, the wall consisting of three rectilineal sections, and on the 
E. it is made up of two straight sections connected by a curved 
section. The inner slope includes a remarkably distinct and 
regular terrace, the E. portion of which is well seen when the 
interior is about half illuminated by the rising sun. At this 
phase also the great extent of the glacis on the S.W., and 
the deep wide gullies traversing it on the E. are observed to 
the best advantage. The central mountain, though of consider- 
able size, is not prominent. Close to Eeinhold on the N.W. 
stands a noteworthy little formation with a low and partially 
lineal wall, exhibiting a gap on the north. There is a distinct 
crater on the S. side of its floor. 

Gay-Lussao. — A. very interesting ring-plain, 15 miles in 
diameter, situated in the midst of the Carpathian Highlands 
N. of Copernicus, with a smaller but brighter and deeper forma- 
tion (Gay-Lussao a) on the S.W. of it, and a conspicuous little 
crater, not more than 2 or 3 miles in diameter, between the two. 
The interior of Gay-Lussac is traversed by two coarse clefts, 
lying nearly in a meridional direction. The more easterly runs 
from the foot of the S. wall, near the little crater just mentioned, 
across the floor to the low N. border, which it apparently cuts 
through, and extends for some distance beyond, terminating in 
a great oval expansion. The other, which is not shown in the 
maps, is closely parallel to it, and can be traced up to the N. 
border, but not farther. Schmidt represents the first as a crater- 
row, which it probably is, as it varies considerably in width. 
Erom the S.E. side of the formation extends a long cleft, termi- 
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nating at the end of a prominent spur from. the S. side of the 
Carpathians. There are also two remarkable rill-like valleys, com- 
mencing on the N. of Gay-Lussac A, which curve round the 
W. side of Gay-Liissa-c. 

Hortensius. — This brilliant crater, about lO miles in diameter, 
is remarkable for its depth, and as being a i-ay-centre surrounded 
by a nimbus of light. It has a central mountain, and Schmidt 
shows a minute crater on the outer slo^De of the S. wall. The 
former is a test object. 

Milichius. — Is situated on the N.N.E. of Hortensius. It is 
fully as bright, but rather smaller. Its floor, apparently devoid 
of detail, is considerably depressed below the surrounding surface. 

Tobias Mayer. — Like Gay-Lussac, a noteworthy ring-plain 
associated with the Carpathian Mountains. It is 22 miles in 
diameter, and has a wall which rises on the W. to a height of 
nearly io,coo feet above the floor ; on the latter there is a con- 
spicuous central mountain, and on the E. side a crater, and some 
little hills. Schmidt shows a smaller crater on the W. side, which I 
have not seen. Adjoining the formation on the W. is a ring-plain 
of about one-fourth its area, which is a bright object. Tobias 
Mayer and the neighbouring Carpathians form an especially 
beautiful telescopic j)icture at sunrise. 

Kxjnowsky. — An inconspicuous ring-plain, about ii miles in 
diameter, standing in a barren region in the Mare Procellarum, 
W.S.W. of Encke. The central mountain is tolerably distinct. 

Encke. — A regular ring-plain, 20 miles in diameter, with 
a comparatively low border, nowhere rising more than 1800 feet 
above the interior, which is depressed some 1000 feet below the 
surrounding Oceanus Procellarum. A lofty ridge traverses the 
floor from S. to N., bifurcating before it reaches the N. wall. 
There is a bright crater on the W. wall, and a depression on the 
opposite wall, neither of which, strange to say, is shown on the 
maps. Encke is encircled by ridges, which, when it is on the 
morning terminator, combine to make it resemble a large crater 
surrounded by a vast mountain ring. 

Kepler. — One of the most brilliant objects in the second 
quadrant, — a ring-plain about 22 miles in diameter, with a lofty 
border ; a xieak on the B. attaining an altitude of 10,000 feet 
above the surface. , The wall is much terraced, . especially the 
outer slope on the W., where a narrow valley is easily traceable. 
Though omitted from the maps, there is a prominent circular 
depression on the W. border, which forms a distinct notch, 


78 


THE MOON 


thereon at sunrise. On the N., the wall exhibits a conspicnons 
gap. There is a central hill on the floor. Immediately B. of 
Kepler is a bright plateau, bounded on the N. by a very straight 
border, with two small craters on its edge. Both these objects 
are incomplete on the N., as if they had been deformed by a 
“ fault,” which has apparently affected the N. end of Kepler also. 
Kepler is the centre of one of the most extended systems of bright 
streaks on the moon’s visible surface. 

Bessarion. — bright little ring-plain, about 6 miles in 
diameter, in the Oceanus Procellarnm N. of Kepler. There is a 
smaller and still brighter companion on the N. (Bessarion e), 
standing on a light area. Bessarion has a minute central hill, 
difficult to detect. 

PVTHEAS. — A small rliomboidal-shaped ring-plain, 1 2 miles in 
diameter, standing in an isolated position on the Mare Imbrium 
between Lambert and Gay-Lussac. Its bright walls, rising about 
2500 feet above the Mare, are much terraced within, especially 
on the E. There is a bright little crater on the N. outer slope, 
with a short serpentine ridge running up to it from the region 
S. of Lambert, and another winding ridge extending from the’ 
S. wall to the E. of two conspicuous craters, standing about 
midway between Pytheas and Gay-Lussac. The former bears a 
great resemblance to the ridge N, of Madler, and, like this, 
aiDpears to traverse the N. border. The interior of Pytheas, which 
is depressed more than 2000 feet below the Mare, includes a 
brilliant central peak. 

Lambert. — A ring-plain, 17 miles in diameter, presenting 
many noteworthy features. The crest of its border stands about 
2000 feet above the Mare Imbrium, and more than double this 
height above the interior. The wall is j)rominently terraced both 
within and without; the outer slope on the W. exhibiting at 
sunrise a nearly continuous valley running round it. When near 
the morning terminator, the region on the N. is seen to be 
traversed by some very remarkable ridges and markings ; one 
cutting across the K. wall appears to represent a ‘ 4 ‘ault.” On 
the S. is a large polygonal enclosure formed by low ridges. On 
the W., towards Timocharis, is a brilliant mountain 3000 feet 
high, a beautiful little object under a low sun. 

Levereiee.^ — The more westerly of a pair of little ling-plains 
on the N. side of the Mare Imbrium, and S.W. of the Laplace 
promontory. It is about 10 miles in diameter, with walls rising 
some 1500 feet above the Mare, and more than 6000 feet above 
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the interior, wMcla seems to be without a central mountain or 
other features. Schmidt shows the crater on the N. rim and 
another on the S.E. slope, both of which are omitted by Neison, 
though they are easy objects when Helicon is on the morning 
terminator. About 20 miles on the S.E. there is a very bright 
little crater on a faint light area. 

Helicon. — The companion ring~plain on the E. It is 13 miles 
in diameter, and is very similar, though not quite so deep. There 
is a crater on the S.E. wall, and, according to Neison, another 
on the outer slope of the N. border. Webb records a central 
crater. If Helicon is observed when on the morning terminator, 
it will be seen to be traversed by a curved ridge which cuts 
through the walls, and runs up to a bright crater S.E. of 
Leverrier. It appears to be a ‘"fault,” whose “downthrow,” 
though slight, is clearly indicated by an area of lower ground 
on the E. There is a great number of small craters in the neigh- 
boui'hood of this formation. 

Eulek. — The most easterly of the row of great ring-plains, 
which, beginning on the W. with Autolycus, and followed by 
Archimedes, Timocharis, and Lambert, extends almost in a great 
circle from the N.W. to the S.E. side of the Mare Imbrium. It 
is about 19 miles in diameter, and is surrounded by terraced walls, 
which, though of no great height above the Mare, rise 6000 feet 
above the floor. There is a distinct little gap in the S. wall, 
easily glimpsed when it is close to the morning terminator, which 
probably represents a small crater. Euler has a bright central 
mountain, and is a centre of white silvery streaks. 

Beayley. — A very conspicuous little ring-plain B.S.E. of Euler, 
with two smaller but equally brilliant objects of the same class 
isituated respectively E. and W. of it. 

Diothantus. — Forms with Delisle, its compaiaion on the N., a 
noteworthy object. It is about 13 miles in diameter, with a wall, 
which has a distinct break in its continuity on the N., rising about 
2500 feet above the Mare. A rill-valley runs from the E. side 
nf the ring towards the W. face of a triangular-shaped mountain 
on the E. of a line joining the formation with Delisle. North are 
three bright little craters in a line, the middle one being much the 
largest. Prom the most easterly of these objects a light streak 
may be traced under a high sun, extending for many miles to 
.another small crater on the N.W. of Diophantus, and expanding 
.at a point due N. of the formation into a spindle-shaped marking. 
At sunrise, the W. portion of the streak has all the appearance of 
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a cleft, with a branch about midway running to the S. side of 
Delisle. Under the same phase a broad band of shadow extends 
from the N.B. wall to the triangular mountain just; mentioned, 
representing a very sudden drop in the surface — resembling on a 
small scale the well-known “ railroad ’’ E. of Thebit. Diophantus 
has no central mountain. 

Delisle. — A larger and more irregularly-shaped object than 
the last, 1 6 miles in diameter, with loftier and more massive 
walls, and an extensive but ill-defined central hill. There is an 
evident break in the northern border. A triangular mountain 
on the S.E. and a winding ridge running up to the N. wall are 
prominent features at sunrise, as are also the bi'illiant summits of 
a group of hills some distance to the B.N.B. 

Oarlini. — A small but prominent and deep little crater about 
5 miles in diameter on the Mare Imbrium about midway between 
Lambert and the Sinus Iridum. There are many faint light 
streaks in the vicinity, one of which extends from Oarlini to 
Bianchini, on the edge of the Sinus, — a distance of 300 miles. 
Schmidt shows a central peak. 

Caroline Herschel. — A bright and very deep ring-plain about 
8 miles in diameter on the Mare Imbrium, some distance E.N.E. 
of the last. On the S.E. lies a larger crater. Delisle B, which 
has a small but obvious crater on its N. rim, and casts a very pro- 
minent shadow at sunrise. Caroline Herschel stands on a long 
curved ridge running N.E. from Lambert towards the region E. of 
Helicon, and, according to Schmidt, has a central peak. On the 
E. is a bright mountain with two peaks ; some distance N. of which 
is a large ill-defined white spot, with another spot of a similar 
kind on the W. of it, nearly due N. of Caroline Herschel. 

Grtjithuisen. — This ring-plain, 10 miles in diameter, is situated 
on the Mare Imbrium on the H.E. of Delisle. It is associated 
with a number of ridges trending towards the region H. of 
Aristarchus and Herodotus. 

The Laplace Promontory. — A magnificent headland marking 
the extreme western extremity of the finest bay on the moon’s 
visible surface, the Sinus Iridum; above which it towers to a 
height of 9000 feet or more, projecting considerably in front of 
the line of massive cliffs which define the border of the Sinus, 
and presenting a long straight face to the S.E. Near its summit 
are two large but shallow depressions, the more easterly having a 
very bright interior. At a lower level, almost directly below the 
last, is a third depression. All three are easy objects under a 
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low sun. The best view of the promontory and its surround- 
ings is obtained when the B. side of the bay is on the naorning 
terminator. Its prominent shadow is traceable for many days 
after sunrise. 

The Heeaclides Promontoky. — The less lofty but still very 
imposing headland at the E. end of the Sinus Iridum, rising 
more than 4000 feet above it. It consists of a number of 
distinct mountains, forming a triangular-shaped group running 
out to a point at the S.W. extremity of the bay, and projecting 
considerably beyond the shore-line. There is a considerable 
crater on the B. side of the headland, not visible till a late stage 
of sunrise. It is among the mountains composing this promontory 
that some ingenuity and imagination have been expended in 
endeavouring to trace the lineaments of a female face, termed 
the ^‘Moon-maiden.” 

Bianchini. — A fine ring-plain, about 18 miles in diameter, on 
the N.E. side of the Sinus Iridum, smrounded by the lofty moun- 
tains defining the border of the bay. Its walls, which are pro- 
minently terraced within, rise about 7000 feet on the B., and 
about 8000 feet on the W. above the floor, which includes a 
prominent ridge and a conspicuous central mountain. There is a 
distinct crater on the S. wall, not shown in the maps. Between 
this side of the formation and the bay is a number of hills running 
parallel to the shore-line : these, with the intervening valleys, 
will repay examination at sunrise. 

Maupertxjis. — A great mountain enclosure of irregular shape, 
about 20 miles in diameter, in the midst of the Sinus Iridum 
highlands, N. of Laplace. The walls are much broken by passes, 
and the interior includes many hills and ridges. 

OoNDAMiHE. — A rhomboidal-shaped ring-plain, about 23 miles 
in diameter, N. of Maupertuis, with lofty walls, especially on the 
E., where they rise some 4000 feet above the interior. There are 
three large depressions on the outer N.W. slope, and at least 
three minute craters on the crest of the wall just above. Though 
neither Neison nor Schmidt draw any detail thereon, there is a 
prominent ridge on the N. side of the floor, and a low circular 
hill on the S. On the S.E. four long ridges or spurs radiate from 
the wall, and on the N.E. are three remarkable square-shaped 
enclosures. On the edge of the Mare Brigoris, N.W. of Oondamine, 
are many little craters with bright rims and a distinct short cleft, 
running parallel to the coast-line. 

The winding valleys in the region bordering the Sinus Iridum, 
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and other curious details, render this portion of the moon’s surface 
almost unique. 

Botjguer.— A bright regular little ring-plain, about 8 miles in 
diameter, N. of Biancliini. 

J. B. W. Heksohel. — A vast enclosed plain, about 90 miles 
across, bounded on the W. by a mountain range, which here defines 
the E. side of the Mare Frigoris,- on the S. by massive mountains, 
and on the other sides by a lofty but much broken wall, inter- 
sected by many passes. Within is a large ring-plain, nearly 
central, and a large number of little craters and crater-pits. 
The floor is traversed longitudinally by many low ridges, lying 
very close together, which at sunrise resemble fine grooves or 
scratches of irregular width and depth. 

Hoerebow. — A ring-plain of remarkable shape, resembling the 
figure 00, standing at the S. end of the mountain range bounding 
J. F. W. Herschel on the W. Schmidt shows a crater on the W. 
wall, near the constriction on this side, and a second at the foot 
of the slope of the B. wall. . 

Philolatjs. — A ring-plain 46 miles in diameter, on the IT.E. 
of Fontinelle. Its bright walls rise on the W. to a height of 
nearly 12,000 feet above the floor (on which there is a conspicuous 
central mountain), and exhibit many prominent terraces. Philolaus 
is partially encircled, at no great distance, by a curved ridge, on 
which will be found a number of small craters. 

Anaximines. — A much foreshortened ring-plain, about 66 miles 
in diameter, on the E. of Philolaus. One peak on the E. is nearly 
8000 feet in height. Schmidt shows four craters on the W. side of 
the floor, and a fifth on the S.E. side. There is a bright streak 
in the interior, which extends southwards for some distance across 
the Mare Frigoris. 


EAST LONGITUDE 40" to 60". 

Eeiner. — A regular ring-plain, 21 miles in diameter, in the 
Mare Procellarum, S.S.E. of Marins, with a very lofty border 
terraced without and within, and a minute but conspicuous 
mountain standing at the N. end of a ridge which traverses the 
uniformly dark floor in a meridional direction. A long ridge 
extends some way towards the S. fi'om the foot of the S. wall, 
and at some distance in the same direction lie six ill-defined 
white spots of doubtful nature. On the E.N.E. there is a large 
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white marking, resembling a “Jew’s harp” in shax^e, and farther 
on, towards the E., a number of very remarkable ridges. On 
the W. will be found many bright little craterlets. A ray from 
Xepler extends almost u]p to the W. wall of Eeiner. 

Makius. — A very noteworthy ring-plain, 27 miles in diameter, 
in the Oceanns Procellarnm, E.N.E. of Kejoler, with a bright 
border rising about 4000 feet above the interioi', which is of an 
uneven tone. The rampart exhibits some breaks, especially on 
the S. The outer slope on the W. is traversed by a fine deep 
valley, distinctly marked when the opposite side is on the morn- 
ing terminator. It originates on the S.W. at a prominent crater 
situated a little below the crest of the wall, and, following its 
curvature, inms out on to the plain near a large mountain just 
beyond the foot of the N. border. In addition to the crater just 
mentioned, there are two smaller ones below the summit of the 
S. wall, and a small circular depression on the B.E. wall. Mr. 
W. H. Maw, E.E.A.S., has seen, with a 6-inch Cooke refractor, 
a bright marking at the N. extremity of the ring, which, when 
examined with a Dawes’ eyepiece, resembled an imperfect crater. 
The floor includes at least four objects — (i) A crater on the IST-W., 
standing on a circular light area ; (2) a white spot a little S. of 
the centre ; (3) a smaller white spot S.E. of this ; (4) another, 
near the inner foot of the R.W. wall. Maiius is an imposing 
object under oblique illumination, mainly because of tho number 
of ridges by which it is surrounded. I have frequently remarked 
at sunrise that the surface on the W., and especially the outer 
slope of the rampart, is of a decided brown or sepia tint, similar 
to that which has already been noticed with respect to Geminus 
and its vicinity, viewed under like conditions. Schmidt in 1862 
discovered a long serpentine cleft some distance N. of Marius, 
which has not been seen since. 

Auibtaechus. — The brightest object on the moon, forming with 
Herodotus (a companion ring-plain on the E.), and its remarkable 
surroundings, one of the most striking objects which the tele- 
scope has revealed on tlie visible surface, and one requiring much 
patient observation before its manifold details can be fully 
noted and duly appreciated. Its border rises 2000 feet above 
the outer surface on the W., but towers to more than double this 
height above the glistening floor. No lunar object of its moderate 
dimensions (it is only about 29 miles in diameter) has such con- 
spicuously terraced walls, or a greater number of spurs and but- 
tresses ; which are especially prominent on the S. A valley runs 
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round the outer slope of the W. wall, very similar to that found 
in a similar position round Marius. There is also a distinct 
valley on the brilliant inner slope of the E. wall, below its crest. 
It originates at a bright little crater, and is traceable round the 
greater portion of the declivity. Under a moderately high sun, 
an oval area, nearly as large and fully as brilliant as tlie central 
mountain, is seen on this inner slope. It is bordered on either 
side by bands of a duskier hue, which probably represent shallow 
transverse valleys. From its dazzling brilliancy it is very difficult 
to observe the interior satisfactorily. In addition, however, to 
the central mountain, there is a crater on the N.W. side of the 
■floor. On the S. side of Aristarchus is a large dusky ring some 
lO miles in diameter, connected by ridges with the spurs from 
the wall, and on the S.E., close to the foot of the slope, is another 
smaller ring of a like kind. 

Heuodotus. — This far less brilliant but ecjually inteu’esting 
object is about 23 miles in diameter, and is not so regular in shape 
as Aristarchus. Its W. wall rises at one point more than 4000 
feet above the very dusky floor. Except on the S.W. and N. E., 
the border is devoid of detail. On the S.W. three little notches 
may be detected on its summit, which probably r('i)r(‘S(uit small 
craters, while on the opposite side, on the inner slope, a little 
below the crest, is a large crater, easily seen. Both the E. and 
W. sections of the wall are prolonged towards the K. far beyond 
the limits of the formation. These rocky masses, with an inter- 
mediate wall, are very conspicuous under oblicpie illumination, 
that on the S.W, being especially brilliant. On the "N. there is 
a gap through which the well-known Serpentine cleft passes on to 
the floor. Between the N.W. side of Herodotus and Aiistarcliiis 
is a large plateau, seen to the best advantage when the morning 
terminator lies a little distance E. of the former. It is traversed 
by a T-shaped cleft which communicates with the great serpentine 
cleft and extends towards the S. end of Aristarchus, till it meets 
a second cleft (forming the upper part of the T) running from 
the S.E. side of this formation along the W. side of lle^rodotus. 
The great serpentine cleft, discovered by Rchroter, October 7, 
1787, is in many respects the most interesting object of its class. 
It commences at the N. end of a short wide valley, traversing 
mountains some distance N.E. of Herodotus, as a comparatively 
delicate cleft. After following a somewhat irregular course towards 
the N.W. for about 50 miles, and becoming gradually wider and 
deeper, it makes a sudden turn and runs for about 10 miles 
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in a S.W. direction. It then changes its course as abruptly 
to the N.W. again for 3 or 4 miles, once more tuims to the S.W., 
and, as a much coarser chasm, maintains this direction for about 
20 miles, till it reaches the S.E. edge of a great mountain plateau 
]Sr. of Aristarchus, when it swerves slightly towards the S., 
becoming wider and wider, up to a i)lace a few miles N. of 
Herodotus, where it expands into a broad valley ; and then, some- 
what suddenly contracting in width, and becomiug less coarse, 
enters the ring-plain through a gap in the N. wall, as before 
mentioned. I always find that portion of the valley in the 
neighbourhood of Herodotus more or less indistinct, though it 
is broad and deep. This part of it, unless it is observed 
at a late stage of sunrise, is obscured by the shadow of the 
mountains on the border of the plateau. Gruithuisen suspected 
a cleft crossing the region embraced by the serpentine valley, 
forming a connection between its coarse southern extremity and 
the long straight section. This has been often searched for, but 
never found. It may exist, nevertheless, for in many instances 
Gruithuisen^s discoveries, though for a long time discredited, have 
been confirmed. The mountain plateau N. of Aristarchus de- 
serves careful scrutiny, as it abounds in detail and includes many 
short clefts. 

Haubinger Mountains. — A remarkable group of moderate 
height, mostly extending from the N.W. towards Aristarchus. 
They include a large incomplete walled-plain about 30 miles in 
diameter, defined on the W. by a lofty border, fox'ming part -of 
a mountain chain, and open to the south. This curious forma- 
tion has many dep)ressions in connection with its N.W. edge. 
On the N. of it there is a crater-row and a very peculiar zig- 
zag cleft. The region should be observed when the B. longitude 
of the morning terminator is about 45°. 

Schiaparelli. — A conspicuous formation, about 16 miles in 
diameter, between Herodotus and the N.E. limb, with a border 
rising nearly 2000 feet above the Mare, and about 1000 more 
above the floor, on which Schmidt shows a central hill. 

Wollaston. — A small bright crater on the Mare N. of the 
Harbinger Mountains, surpassed in interest by a remarkable 
formation a few miles S. of it, Wollaston B, an object of about 
the same size, but which is associated with a much larger en- 
closure, resembling a walled-plain, lying on the N. side of it. 
This formation has a lofty border on the W., surmounted by 
two small craters. The wall is lower on the B. and exhibits 
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a gap. There is a central hill, only visible under a low sun: 
About midway between Wollaston and this enclosure stands a 
small isolated triangular mountain, Prom a hill on the K, runs 
a rill valley to the more westerly of a pair of craters, connected 
by a ridge, on the S.E. of Wollaston B. 

Mairan. — bright ring-plain of iiTegiilar shape, 2$ miles in 
diameter, on the E. of the Heraclides f)romontory. The border, 
especially on the E., varies considerably in altitude, as is evident 
from its shadow at sunrise ; at one peak on the W. it is said to 
attain a height of more than 15,000 feet above the interior. 
There is a very minute crater on the crest of the S. wall, down 
the inner slope of which runs a rill-like valley. About half- 
way down the inner face of the E. wall are two other small 
craters, connected together by a winding valley. These features 
may be seen under morning illumination, when about one-fourth 
of the floor is in sunlight. Schroter is the only selenographer 
who gives Ifairan a central mountain. In this ho is right. I 
have seen without difficulty on several occasions a low hill near 
the centre. The formation is surrounded by a number of con- 
spicuous craters and crater-pits. On the N. there is a short rill- 
like valley, and another, much coarser, on the S. 

Sharp. A ring-plain somewhat smaller than the last, on the 
E. of the Sinus Iridum, from the coast-line of which it is sepa- 
rated by lofty mountains. There is a distinct crater at the foot of 
its KE. wall, and a bright central mountain on the floor. On the 
N, is a prominent enclosure, nearly as large as Sharp itself ; and 
on the N.E. a brilliant little ring-plain. A, about 8 miles in 
diameter, connected with Sharp, as Miidler shows, by a wide 
valley. 

Louville.— A triangalar-shaped formation on the E. of a line 
joining Mairan and Sharp. It is hemmed in by mountains, one of 
which towers 5000 feet above its dusky floor. 

louOAULT. A bright deep ring-plain, about 10 miles in 
diameter, lying E. of the mountains fringing the Sinus Iridum, 
between Bianchini and Harpalus. A very lofty peak rises near 
its N. border, and, according to Neison, it has a distinct central 
mountain, though neither Madler or Schmidt show any detail 
within. 

Harpalus.— A conspicuous ring-plain, about 14 miles in 
diameter, on the N.E. of the last, with a floor sinking 13,000 feet 
below the surrounding surface. -As the cubic contents of the 
border and glacis are quite inadequate to account for it, we 
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may ask, what has become of the material which presumably 
once filled this vast depression ? Harpalus has a bright central 
mountain. 

South. — On the W. and S., the boundaries of this extensive 
enclosure are merely indicated by ridges, which nowhere attain 
the dignity of a walk On the N., the edge of a tableland inter- 
sected by a number of valleys define its limits, and on the E. a 
border forming also the W. side of Babbage. The interior is 
traversed by a number of longitudinal hills, and includes two 
bright little heights, drawn by Schmidt as craters. 

Babbage. — A still larger enclosed area, adjoining South on the 
E., and containing a considerable ring-plain near its W. border. 
It is a fine telescopic object at sunrise, the interior being crossed 
by a number of transverse markings representing ridges. These 
are very similar in character (but much coarser) to those found 
on the floor of J. F. W. Herschel. The curious detail on the E. 
wall is also worth examination at this phase. 

Eobinson. — A bright and very deep little ring-plain, about 
12 miles in diameter, on a plateau N. of South. Schmidt shows 
a crater on the W. border, and two others at the foot of the N. 
and E. borders respectively. 

Anaximander. — A fine but much foreshortened ring-plain, 39 
miles in diameter, abutting on the E. side of J. F. W. Herschel. 
It has a large crater on its W. border, which is common to the two 
formations, and a very prominent crater, both on the S. and N. 
The barrier on the S.W. rises to a height of nearly 10,000 feet. 
Schmidt shows a crater and other details on the floor. 


EAST LONGITUDE 60° to 90°. 

Lohrmann. — This ring-plain, with Hevel and Cavalerius on 
the N. of it, is a member of a linear group, which, but for its 
propinquity to the limb, would be one of the most imposing on 
the moon's surface. Lohrmann, about 28 miles in diameter, is 
surrounded by a bright wall, which, to all appearance, is devoid of 
detail. Two prominent ridges, with a fine intervening valley, 
connect it with the N. end of Grimaldi. It has a large but not 
conspicuous central mountain. On the rugged surface, between 
the ring-plain and the B. edge of the Oceanus Procellarum, lies a 
very interesting group of crossed clefts, some of which run from 
N.B. to S.W., and others from N.W. to S.E. Three of the latter 
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proceed from different points in a coarse valley extending from 
W. to E., and cross the ridges just mentioned. They follow a 
parallel course, and terminate on the S. side of a crater-row, con- 
sisting of three bright craters ranging in a line parallel to the 
coarse valley. On the IT. side of these objects, and tangential to 
them, is another cleft, which traverses the W. and E. walls of 
Lohrmann, and, crossing the region between it and Eiccioli, ter- 
minates apparently at the W. wall of the latter formation. No 
map shows this cleft, though it is obvious enough; and, when 
the B. wall of Hevel is on the morning terminator, the notches 
made by it in the border of Lohrmann are easily detected. 
Oapt. Noble, F.E.A.S., aptly compares two of the crossed clefts to 
a pair of scissors, the craters at which they terminate representing 
the ovaL handles. On the grey surface of the Mare W. of Lohr- 
mann is the bright crater Lohrmann A, from which, running N., 
proceeds a rill-like valley ending at a large white spot, which has 
a glistening lustre under a high light. 

Hevel. — A great walled-plain, 71 miles in diameter, adjoin- 
ing Lohrmann on the N., with a broad western rampart, rising at 
one peak to a height above the interior of nearly 6000 feet, 
and presenting a steep bright face to the Oceanus Procellarum. 
There are three prominent craters near its crest, and one or two 
breaks in its continuity. It is not so lofty and is more broken on 
the E., where three conspicuous craters stand on its inner slope. 
The floor is slightly convex, and includes a triangular central 
mountain, on which there is a small crater. The H. half of the 
interior is crossed by four clefts : (i) running from a little crater 
N. of the central mountain, on the W. side of it, to a hill at the 
foot of the S.W. wall ; (2) originating near the most southerly of 
the three craters on the inner slope of the E. wall, and crossing 
I, terminates at the foot of the W. wall; (3) has the same Origin 
as 2, crosses i, and, passing over a craterlet W. of the central 
mountain, also runs up to the W. wall at a point considerably N. 
of that where 2 joins the latter ; (4) runs from the craterlet just 
mentioned to the W. end of 2. 

Oavalerius. — The most northerly member of the linear chain, 
a ring-plain, 41 miles in diameter, with terraced walls rising about 
10,000 feet above the floor. Within there is a long central moun- 
tain with three peaks. Under a high light the region on the W. 
is seen to be crossed by broad light streaks. 

Olbers. — A lai-ge ring-|)lain, 41 miles in diameter, near the 
limb, N.E. of Oavalerius. Though a very distinct formation, it is 
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difficult to see its details except under favourable conditions of 
libration. It has a large crater on its W. wall, a smaller one on 
the E., and a third on the N. The floor includes a central moun- 
tain, and, according to Schmidt, four craters. He also shows a 
crater-rill on the W. wall, of the large crater thereon. Olbers 
is the origin of a fine system of light rays. 

Galileo. — A ring-plain, about 9 miles in diameter, N.E. of 
Eeiner, associated with ridges, some of which extend to the 
‘‘Jew’s Harp ” marking referred to under this formation. 

Oardanus. — A fine regular ring-plain, about 32 miles in 
diameter, near the limb N. of Olbers. Its bright walls, rising 
about 4000 feet above the light grey floor, are clearly terraced, 
and exhibit, especially on the S.E., several spurs and buttresses. 
There is a fine valley on the outer W. slope, a large bright crater 
on the Mare just beyond its foot, and a conspicuous mountain in 
the same position farther north. I have not succeeded in seeing 
the faint central hill nor the crater N. of it shown by Schmidt, 
but there is a brilliant white circular spot on the floor at the inner 
foot of the N.E. wall which he does not show. 

Krafft. — A very similar object on the N., of about the 
same dimensions ; with a central peak, and a large crater on the 
dark floor abutting on the S.W. wall, and another of about half 
the size on the outer side of the W. border. From this crater 
a very remarkable cleft runs to the N. wall of Cardanus : it is 
bordered on either side by a bright bank, and cuts through the 
N.W. border of the latter formation. It is best seen when the 
E. wall of Cardanus is on the morning terminator. 

Yasoo DE Gama. — A bright enclosure, 51 miles in diameter, 
with a small central mountain. It is associated on the N. with 
a number of enclosed areas of a similar class, all too near the limb 
to be well seen. 

SeleucOS. — A considerable riug-plain, 32 miles in diameter, 
with lofty terraced walls, rising 10,000 feet above a dark floor which 
includes an inconspicuous centi’al hill. This foi'mation stands on 
a ridge extending from near Briggs to the W. side of Cardanus. 

Otto Struve. — An enormous enclosure, bounded on the E. 
by the Hercynian Mountains, and on the W. by a mountain chain 
of considerable altitude, surmounted by three or more bright 
little rings. On the W. side of the uneven-toned interior, which, 
according to Madler, includes an area of more than 26,000 square 
miles, stand four craters, several little hills, and light spots. On 
the W. is the much more regular and almost as large formation. 
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Otto Struve A, the W. border of Otto Struve forming its E. wall. 
This enclosure is bounded elsewhere by a very low, broken, and 
attenuated barrier. At sunrise tha E. and W. walls, with the 
mountain mass at the N. end, which they join, resemble a pair of 
partially-opened calipers. There is one conspicuous little crater 
on the W. side of the floor ; and, at or near full moon, four or five 
white spots, nearly central, are prominently visible. 

Briggs. — This bright regular ring-plain, 33 miles in diameter, 
is situated a short distance N. of Otto Struve A. A long ridge 
traverses the interior from N". to S. On the E. is another large 
enclosure, communicating with Otto Struve on the S., and really 
forming a N. extension of this formation. It has a large and very 
deep crater, 12 miles in diameter, on its W. border. 

Liohtenberg. — A conspicuous little ring-plain, about 12 miles 
in diameter, in an isolated position on the Mare, some distance N. 
of Briggs. It was here that Miidler records having occasionally 
noticed a pale reddish tint, which, though often searched for, has 
not been subsequently seen. 

Ulxjgh Beigh. — A good-sized ring-plain, E. of the last, with a 
bright border and central mountain. Too near the limb for 
observation. 

Lavoisier. — A small bright walled-plain N. of Ulugh Beigh. 
It has a somewhat dark interior. West of it is Lavoisier A, a 
ling-plain about 14 miles in diameter. Both are too near the 
limb for useful observation. 

Gt^rard. — A large enclosure close to the limb, still farther N., 
containing a long ridge and a crater. 

Harding. — A small ring-plain W. of Gerard, remarkable for 
the peculiar form of its shadow at sunrise, and for the ridges in 
its vicinity. 

Repsold. — The largest of a group of walled enclosures, close 
to the limb, on the E. side of the Sinus Boris. 

Xenophanes. — But for its position, this deep walled-plain, 185 
miles in diameter, would be a fine telescopic object, with its lofty 
walls, large central mountain, and other details. 

(Bnopides. — A large and tolerably regular walled-plain, 43 
miles in diameter, on the W. of the last. The depressions on the 
W. wall are worth examination at sunrise. There is apparently no 
detail whatever on the floor. 

Cleostratus. — A small ring-plain, X. of Xenophanes, sur- 
rounded by a number of similar objects, all too near the limb for 
observation. 
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Pythagoras. — A noble walled-plain, 95 miles in diameter, 
which no one who observes it fails to lament is not nearer 
the centre of the disc, as it would then undoubtedly rank among 
the most imposing objects of its class. Even under all the disad- 
vantages of position, it is by far the most striking formation in 
the neighbourhood. Its rampart rises, at one point on the N., to 
a height of nearly 17,000 feet above the floor, on which stands 
a magnificent central mountain, familiar to most observers. 
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Mosting. — A very deep ring-plain, 15 miles in diameter, 
near the moon^s equator, and about 6° E. of the first meridian. 
There is a crater on the N. side of its otherwise unbroken bright 
border, an inconspicuous central mountain, and, according to 
Neison, a dark spot on the S. side of the floor. At some distance 
on the S.S.W., stands the bright crater, Mosting A, one of the. 
most brilliant objects on the moon’s visible surface. 

R^axjmuu. — A large pentagonal enclosure, about 30 miles in 
diameter, with a greatly broken border, exhibiting many wide 
gaps, situated on the E. side of the Sinus Medii, N.W. of 
Herschel. The walls are loftiest on the S. and S.W., where 
several small craters are associated with them. A ridge connects 
the formation with the great deep crater Reaumur a, and a 
second large enclosure lying on the W. side of the well-known 
valley W. of Herschel. At the end of a spur on the 8. side of 
the great crater originates a cleft, which I have often traced to 
the N.W. wall of Ptolemaeus, and across the N. side of the floor of 
this formation to a crater on the N.E. quarter of it, Ptolemmus d. 
There is a short cleft on the W. side of the floor of Reaumur, 
running from N. to 8. 

Herschel. — A typical ring-plain, situated just outside the N. 
border of Ptolemaeus, with a lofty wall rising nearly 10,000 feet 
above a somewhat dusky floor, which includes a prominent central 
mountain. Its bright border is clearly terraced both within and 
without, the terraces on the inner slope of the W. wall being 
beautifully distinct even under a high light, and on the outer 
slope are some curious irregular depressions. On the S.S.E. is a 
large oblong deep crater, close to the rocky margin of Ptolemaeus, 
and a little beyond the foot of the wall on the N.W. is a smaller 
and more regular rimmed depression, 5, standing near the E. 
border of the great valley, more than 80 miles long, and in places 
fully 10 miles wide, which runs from 8.S.W. to N.N.E. on the W. 
side of Herschel, and bears a close resemblance to the well-known 
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Ukert Valley. Herschel is a large but shallow ring-plain on the 
E. of Herschel, with a brilliant but smaller crater on the W. of it. 

North of Herschel, on a plateau concentric with its outline, 
stands the large polygonal ring-plain Herschel a, a formation of 
a very interesting character, with a low broken wall, exhibiting 
many gaps, and including some craters of a minute class. The 
largest of these stands on the S.W. wall. Mr. W. H, Maw has 
detected some of these objects on the N. side, both in connection 
with the border and beyond it. 

Flammauion. — A large incomplete walled-plain N.B. of Her- 
schel, open towards the N., with a border rising about 3000 feet 
above the floor. The brilliant crater, Hosting A, stands just out- 
side the wall on the E. 

PxOLEMiEUS. — Taking its very favourable position into account, 
this is undoubtedly the most perfect example of a walled-plain on 
the moon’s visible superficies. It is the largest and most northerly 
component of the fine linear chain of great enclosures, which 
extend southwards, in a nearly unbroken line, to Walter. It 
exhibits a very marked departure from circularity, the outline 
of the border approximating in form to a hexagon with nearly 
straight sides. It includes an area of about 9000 square miles, 
the greatest distance from side to side being about 115 miles. 
It is, in fact, about equal in size to the counties of York, Lanca- 
shire, and Westmorland combined; and were it possible for one 
to stand near the centre of its vast floor, he might easily suppose 
that he was stationed on a boundless plain ; for, except towards the 
west, not a peak, or other indication of the existence of the massive 
rampart would be discernible ; and even in this direction he would 
only see the upper portion of a great mountain on the wall. 

The border is much broken by gaps and intersected by passes, 
especially E. and S., where there are several valleys connecting 
the interior with that of Alphonsus. The loftiest portion of the 
wall, which includes many crateriform depressions, is on the W., 
where one peak rises to nearly 9000 feet. Another on the N.E. 
is about 6000 feet above the interior. On the N.W. is a remark- 
able crater-row, called, from its discoverer, '^Webb’s furrow,” 
running from a point a little N. of a depression on the border to 
a larger crateriform depression on the S. of Hipparchus K. Birt 
terms it “ a very fugitive and delicate lunar feature.” As regards 
the vast superficies enclosed by this irregular border, it is chiefly 
remarkable for the number of large saucer-shaped hollows which 
are revealed on its surface under a low sun. They are mostly 
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found on the eastern quarter of the floor. Some of them appear 
to have very slight rims, and in two or three instances small 
craters may be detected within them. Owing to their shallow- 
ness, they are very evanescent, and can only be glimpsed for an 
hour or so about sunrise or sunset. The large bright crater a, 
about 4 miles in diameter on the N.W. side of the interior, is by 
far the most conspicuous object upon it. Adjoining it on the N. 
is a large ring with a low border, and N. of this again is another, 
extending to the wall. Mr. Maw and Mr. Mee have seen minute 
craters on the borders of these obscure formations. In addition 
to the objects just specified, there is a fairly conspicuous crater, 
on the N.E. quarter of the floor, and a very large number of 
others distributed on its surface, which is also traversed by a net- 
work of light streaks, that have recently been carefully recorded 
by Mr. A. S. Williams. A cleft, from near Edaumur a, traverses 
the N. side of the floor, and runs up to Ptolemaeus d. 

Alehonsus. — A large walled-plain, 83 miles in diameter, with 
a massive irregular border abutting on the S.S.B. side of Ptole- 
mseus, and rising at one j)lace on the N.W. to a height of 7000 
feet above the interior. The floor i^resents many features of 
interest. It includes a bright central peak, forming part of a 
longitudinal ridge, on either side of which runs a winding cleft, 
originating at a crater-row on the N. side of the interior. There 
is a third cleft on the N.W. side, and a fourth near the foot of the 
E. wall. There are also three ]peculiar dark areas within the cir- 
cumvallation ; two, some distance apart, abutting on the W. wall, 
and a third, triangular in shape, at the foot of the E. wall. The 
last-mentioned cleft traverses this patch. These dusky spots are 
easily recognised in good photographs of the moon. 

Alpetkagius. — A fine object, 27 miles in diameter, closely con- 
nected with the S.E. side of Alphonsus. It has peaks on the W. 
towering 12,000 feet above the floor, on which there is an immense 
central mountain, which in extent, complexity, and altitude sur- 
passes many terrestrial mountain systems — as, for example, the 
Snowdonian group. The massive barrier between Alpetragius 
and Alphonsus deserves careful scrutiny, and should be examined 
under a moderately low morning sun. On the E., towards Lassell, 
■stands a brilliant light-surrounded crater. 

Akzachel. — Another magnificent object, associated on the N. 
with Alphonsus, about 66 miles in diameter, and encircled by a 
massive complex rampart, rising at one point more than 13,000 
feet above a depressed floor. It presents some very suggestive 
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•examples o£ terraces and large depressions, the latter especially 
well seen on the S.E. The bright interior includes a large cen- 
tral mountain with a digitated base on the S.E., some smaller hills 
on the S. of it, a deep crater W. of it (witb small craters N. and 
S.), and, between the crater and the foot of the W. wall, a very 
•curious winding cleft. 

Lassell. — This ring-plain, some 14 miles in diameter, is irre- 
gular both as regards its outline and the width of its rampart. 
There is a crater on the crest of the N.W. wall, just above a 
notable break in its continuity through which a ridge from the 
N.W. passes. There is another crater on the opposite side. The 
•central mountain is small and difficult to see. About 20 miles 
N.E. of Lassell is a remarkable mountain group associated with a 
bright crater, and further on in the same direction is a light oval 
area, about 10 miles across, with a crater (Alpetragius d) on its 
S. edge. Madler described this area as a bright crater, 5 miles 
in diameter, which now it certainly is not. 

Lalande. — A very deep ring-plain, about 14 miles in diameter, 
N.E. of Ptolem^us, with bright terraced walls, some 6000 feet 
.above the floor, which contains a low central mountain. On the 
N. is the long cleft running, with some interruptions, in a W.N.W. 
direction towards Reaumur. 

Davy. — A deep irregular ring-plain, 23 miles across, on the 
Mare E. of Alphonsus. There is a deep crater with a bright rim 
on its S.W. wall, and B. of this a notable gap. There is also a 
wide opening on the N. The E. wall is of the linear type. A 
cleft crosses the interior. 

Guerike. — The most southerly member of a remarkable group 
of partially destroyed walled-plains, standing in an isolated posi- 
tion in the Mare Nubium. Its border, on the W. and N. 
especially, is much broken, and never rises much more than 2000 
feet above the Mare, except at one XDlace on the N., where there 
is a mountain about 1000 feet higher. The E. wall is tolerably 
continuous, but is of a very abnormal shape. On the S. there is 
a peculiar _/^-shaped gap (with a bright crater, and another less 
prominent on the B. side of it), the narrowest part of which 
Olsens into a long wide winding valley, bounded by low hills, 
extending to the W. side of a bright ring-plain, Guerike B, on 
the S.E. A crater-chain occupies the centre of this valley. There 
is much detail within Guerik6. A large deep bright crater stands, 
under the E. border on a mound, which, gradually narrowing in 
width, extends to the N. wall ; and a rill-like valley runs from the 
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N. border towards tbe E. side of the ^-shaped gap. In addition 
to these features, there is a shallow rimmed crater, about midway 
between the extremities of the rill-valley, and several minor 
elevations on the floor. 

On the broken IT. flank of Guerik^ is a number of incomplete 
little rings, all open to the N. ; and E. of these commences a 
linear group of lofty isolated mountain masses extending towards 
the W. side of Parry, and prolonged for 30 miles or more towards 
the north. They are arranged in parallel rows, and remind one 
of a Druidical avenue of gigantic monoliths viewed from above. 
They terminate on the S. side of a large bright incomplete ring 
(with a lofty W. wall), connected with the W. side of Parry. 

Parry. — A more complete formation than Guerik 4 . It is 
about 25 miles in diameter, and is encompassed by a bright 
border, which, at a point on the E., is nearly 5CX)0 feet in height. 
It is intersected on the N. by passes communicating with the 
interior of Fra Mauro. There is a crater, nearly central, on the 
dusky interior, which, under a low sun, when the shadows of the 
serrated crest of the W. wall reach about half-way across the 
floor, appears to be the centre of three or four concentric ridges, 
which at this phase are traceable on the E. side of it. There is a 
conspicuous crater on the E. wall, below which originates a dis- 
tinct cleft. This object skirts the inner foot of the E. border, 
and after traversing the N. wall, strikes across the wide expanse 
of Fra Mauro, and is ultimately lost in the region N. of this 
formation. Parry a, S. of Parry, is a very deep brilliant crater 
with a central hill and surrounded by a glistening halo. A cleft, 
originating at a mountain arm connected with the E. side of 
Guerik^ runs to the S. flank of this object, and is probably 
connected with that which skirts the floor of Parry on the E. 

Bonpland. — A ruined walled-plain with a low and much broken 
wall, which on the S.W. appears to be an attenuated prolongation 
of' that of Parry. It is of the linear type, the formation approxi- 
mating in shape to that of a pentagon. The floor is crossed from 
hr. to S. by a fine cleft which originates at a crater beyond the S. 
wall, and is visible as a light streak under a high light. Schmidt 
shows a short cleft on the W. of this. 

Fra Mauro. — A large enclosure of irregular shape, at least 50 
miles from side to side, abutting on Parry and Bonpland. In addi- 
tion to the cleft which crosses it, the floor is traversed by a great 
number of ridges, and includes at least seven craters. 

Thebit. — A fine ring-plain, 32 miles in diameter, on the 
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mountainoi-is W. margin of the Mare IfuMiim, N E. of Purbach. 
Its irregular rampart is prominently terraced, and its continuity 
on the N.E interrupted by a large deep crater (Thebit a), at least 
9 miles in diameter, which has in its turn a smaller crater, of 
about half this size, on its margin, and a small central moun- 
tain within, which was once considered a good optical test, though 
it is not a difficult object in a 4-inch achromatic, if it is looked for 
at a favourable phase. The border of Thebit rises at one place on 
theNW to a height of nearly 10,000 feet above the interior, 
which includes much detail. The B. wall of Thebit A attains the 
same height above its floor, which is depressed more than 5000 
feet below the Mare. 

Birt — This ring-plain, about 12 miles in diameter, is situated 
on the Mare Nubium, some distance due E of Thebit. It has a 
brilliant border, surmounted by peaks rising moie than 2000 feet 
above the Mare, and a very depressed floor, which does not appear 
to contain any visible detail A bright crater adjoins it on the 
S.W., the wall of which at the point of junction is clearly very 
low, so that under oblique light the two interiors appear to com- 
municate by a narrow pass or neck filled with shadow. I have 
frequently seen a break in the H.W. wall of Birt, which seems to 
indicate the presence of a crater There is a noteworthy cleft on 
the E , which can be traced from the foot of the E wall to the 
hills on the N E It is a fine telescopic object, and, under some 
conditions, the wider portion of it resembles a railway cutting 
travel sing rising ground, seen from above. It is visible as a white 
line under a high light 

The Straight Wall, — Sometimes called ‘‘the railroad,” is a 
remarkable and almost unique formation on the W. side of Birt, 
extending for about 65 miles from N B to S W in a nearly straight 
line, terminating on the south at a very peculiar mountain group, 
the shape of which has been compared to a stages horn, but which 
perhaps more closely resembles a sword-handle, — the wall repre- 
senting the blade When examined under suitable conditions, the 
latter is seen to be slightly curved, the S. half bending to the west, 
and the remainder the opposite way The formation is not a ridge, 
but IS clearly due to a sudden change in the level of the surface, 
and thus has the outward characteristics of a “ fault.” Along the 
upper edge of this gigantic cliff (which, though measures differ, 
cannot be anywhere much less than 500 feet high) I have seen at 
different times many small craterlets and mounds Near its N. 
end IS a large crater, and on the W. is a row of hillocks, running 
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at riglit angles to the cliff. No observer should fail to examine 
the wall under a setting sun when the nearly perpendicular E. 
face of the cliff is brilliantly illuminated. 

Nicollet. — A conspicuous little ring-plain on the E. of Birt, 
and somewhat smaller. Between the two is a still smaller crater, 
from near which runs a low mountain range, nearly parallel to 
the straight wall, to the region S.B. of the Stag’s Horn Moun- 
tains. Here will be found three small light-surrounded craters 
arranged in a triangle, with a somewhat larger crater in the 
middle. 

PuEBAOH. — An immense enclosure of irregular shape, approxi- 
mating to that of a rhomboid with slightly curved sides. It is 
fully 6o miles across, and the walls in places exceed 8000 feet in 
altitude, and include many depressions, large and small. On the 
E. inner slope are some fine terraces and several craters. The 
continuity of the circumvallation is broken on the N. by a great 
ring-plain, on the floor of which I have seen a prominent cleft 
and a crater near the S. side. There is a large bright crater in 
the interior of Purbach, S. of the centre, two others on the W. 
half of the floor, and a few ridges. 

Eegiomoxtanus. — A still more irregular walled-plain, of about 
the same area, closely associated with the 8. flank of Purbach, 
having a rampart of a similar complex type, traversed by passes, 
longitudinal valleys, and other depressions. Schmidt alone shows 
the especially fine example of a crater-row, which is not a difficult 
object, in connection with the S.E. wall. Excepting one crater, 
nearly central, and some inconspicuous ridges, I have seen no 
detail on the floor. Schmidt, however, records many features. 

Walter. — A great rhomboidal walled-plain, 100 miles in dia- 
meter, with a considerably depressed floor, enclosed by a rampart 
of a very complex kind, crowned by numerous peaks, one of which, 
on the W., rises 10,000 feet above the interior. If the forma- 
tion is observed when it is close to the morning terminator, say, 
when the latter lies from 1° to 2° E. of the centre of the floor, it 
is one of the most striking and beautiful objects which the lunar 
observer can scrutinize. The inner slope of the border which abuts 
on Eegiomontanus, examined at this phase under a high power, is 
seen to be pitted with an inconceivable number of minute craters ; 
and the summit ridge, and the region towards Werner, scalloped in 
a very extraordinary way, the engrailing (to use an heraldic term) 
being due to the presence of a row of big depressions. The floor 
at this phase is sufficiently illuminated to disclose some of its 
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most noteworthy features. Taking its area to be about 8000 
square miles, at least 1200 square miles of it is occupied by the 
central mountain group and its adjuncts, the highest peak rising 
to a height of nearly 5000 feet (or nearly 600 feet higher than 
Ben Nevis), above the interim’, and throwing a fine spire of shadow 
thereon. In the midst of this central boss are two deep craters, 
one being about 10 miles in diameter, and a number of shallower 
depressions. In association with the loftiest peak, I noted at 8 h., 
March 9, 1889, two brilliant little craters, which presumably are 
not far from the summit. Near the B. corner of the floor there 
is another large deep crater, and, ranging in a line from the 
centre to the 8.E. wall, three smaller craters. 

Lbxell. — On the E. of Walter extends an immense plain of 
irregular outline, which is at least equal to it in area. Though 
no large formation is found thereon ; many ridges, short crater- 
rows, and ordinary craters figure on its rugged superficies ; and 
on its borders stand some very noteworthy objects, among 
them, on the S., the walled-plain Lexell, about 32 miles in 
diameter, which presents many points of interest. Its irregular 
wall, rising, at one point on the S.W., to a height of nearly 
•8000 feet, is on the N,W. almost completely wanting, only very 
faint indications of its site being traceable, even under a low 
morning sun. On the opposite side it is boldly terraced, and has 
a large crater on its summit. The interior, the tone of which is 
conspicuously darker than that of the region outside, contains a 
small central hill, with two craters connected with it. The low 
N.W. margin is traversed by a delicate valley, which, originating 
on the N. side of the great plain, crosses the W. quarter of Lexell 
and terminates apparently on the S.W. side of the floor. 

Hell. — A prominent ring-plain, about 18 miles in diameter, 
on the E. side of the great plain. There is a central mountain 
and many ridges within. 

Ball. — A somewhat smaller ring-plain on the S.E. edge of 
the great plain, with a lofty terraced border and a central moun- 
tain more than 2000 feet high. There are two large irregular 
depressions on the W. of the formation, a crater on the S., and a 
smaller one on the N. wall. 

PiTATXJS. — This remarkable object, 58 miles in diameter, with 
Hesiodus, its companion on the E., situated at the extreme S. end 
■of the Mare Nubium, afford good examples of a class of forma- 
tions which exhibit undoubted signs of partial destruction, from 
some unknown cause, on that side of them which faces the Mare. 
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On every side but tlie N., Pitatus is a walled plain of an es|)e- 
cially massive type, tlie border on the S.E. furnishing one of the 
finest examples of terraces to be found on the visible surface. 
On the S.W., two parallel rows of large crateriform depres- 
sions, perhaps the most remarkable of their kind, extend for 
6o miles or more to the W. flank of Gauricus. On the N.W., 
the rampart includes many curious irregular depressions and 
craters, and gradually diminishes in height, till, for a space of 
about 12 miles on the N., there can hardly be said to be any 
border at all, its site being marked by some inconsiderable mounds 
and shallow hollows. There is a small bright central mountain on 
the floor, and, S. of it, two larger but lower elevations. A distinct 
straight cleft traverses the N.W. side of the interior very near 
the wall, to which it forms an apparent chord, and a second cleft 
occupies a similar position with respect to the bright N.E. border. A 
narrow pass forms a communication with the interior of Hesiodus. 

Hesiodus. — This walled - plain, little more than half the 
diameter of the last, has an irregular outline, and for the most 
part linear walls, which on the S. are massive and lofty (4000 
feet), but on the N. very low, and broken by gaps. There is a 
fine deep crater on the S. border, and a small but distinct crater 
on the floor, nearly central, the only object thereon which I have 
seen, though Schmidt draws a smaller one , on the W. .of it. 

A mountain abutting on the N.E. side of Hesiodus is the W. 
origin of one of the longest clefts on the moon. Running in a 
E.S.E. direction, it traverses the Mare to a crater near the W. 
face of the Cichus mountain arm., reajDpears on the E. side of this 
object, and is finally lost amid the hills on the N. of Oapuanus. 
The W. section of this cleft is coarser and much more distinct 
than that lying E. of the mountain arm. 

Gauricus. — A large wailed-plain S. of Pitatus, about 40 miles 
in diameter. The border is very irregular, and, according to 
Neison, consists on the E. of a precipitous cliff more than 9000 
feet high. It is surrounded by a number of large rings on the S., 
and has several considerable small depressions on its N. border. 
There is apparently no prominent detail on the floor. Schmidt 
shows some ridges and craterlets. 

WuRZELBAUR. — ^Another irregular walled-plain, about 50 miles 
in diameter, on the S.E. of Pitatus, with a very complex boi'der, 
in connection with which, on the S.W., is a group of fine depres- 
sions, and on the S.E. a large crater. There is much detail on 
the very uneven floor. 
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MiLLKli. — One of a group of three moderately large ring- 
plains, of which Nasireddin is a member, near the central meri- 
dian in S. latitude 39°, Its massive border rises nearly 11,000 
feet above the floor, on which stands a central peak. Miller is 
about 36 miles in diameter. 

Nasireddin. — A somewhat smaller ring-plain on the S. of the 
last, and of a very similar type. It contains a central peak and 
several minor elevations. Between its N.W. border and the S-W. 
flank of Miller is a smaller ring-plain of about half the size of 
Nasireddin, and on the S.E. a large enclosure named Huggins. 

Orontixjs. — Huggins has encroached on the W. side of this 
irregular ring-plain and overlaps it. It is of considerable size. 
The floor includes much detail and a prominent crater. 

Hasserides. — A formation of irregular shape, with very lofty 
walls, situated amid the confusion of ring-plains, craters, crater- 
pits, &c., in the region N. of Tycho, some of which are fully as 
deserving of a distinct name. 

Heinsius. — A very curious formation on the N.E. of Tycho : 
a fine telescopic object under oblicpie illumination. It has an 
irregular but continuous border, except on the S., where two 
large ring-plains have encroached upon it, and a third, N. of a 
line joining their centres, occupies no inconsiderable portion of 
the floor. Heinsius is nearly 50 miles across, and the border 
on the W., is nearly 9000 feet above tlio interior, which includes, 
at least, three small craters. The walls of the intrusive ring- 
plains have craters on their summits ; the more westerly has 
two on the W., and its companion, one on the S.W. The ring- 
plain on the floor has a crater on its E. wall. Schmidt shows a 
small crater between the ring-plains on the S. border. 

Saxjssure. — A ring-plain W. of Tycho, 28 miles in diameter, 
with bright lofty terraced walls and a somewhat dark interior, 
on which there is a crater, W. of the centre, and some crater- 
])its. There are several large depressions on the S.W. wall. It 
is surrounded by formations which, though nearly as prominent 
as itself, have not, with the exception of Pictet on the E., and 
one on the N.W., called Huggins by Schmidt, received distinctive 
names. The region W. of Saussure abounds in craterlets, some 
of which are of the minutest type. One of the Tycho streaks is 
manifestly deflected from its course by this formation, and another 
is faintly traceable on the floor. 

Pictet. — A walled-plain of irregular shape, about 30 miles 
across, between Saussure and Tycho, with a border broken on the 
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S. by a large conspicuous ring-plain, which- is at least lo miles 
in diameter, and, according to Schmidt, has a central mountain. 
Schmidt draws the S.E. border of Pictet as broken by . ridges ex- 
tending on to the floor. He also shows several craters and minor 
elevations thereon. 

Tycho. — As the centre from which the principal bright ray- 
system of the moon radiates, and the most conspicuous object 
in the southern hemisphere, this noble ring-plain may justly 
claim the pre-eminent title of “the Metropolitan crater.” It is 
more than 54 miles in diameter, and its massive border, every- 
where traversed by terraces and variegated by depressions within 
and without, is surmounted by peaks rising both on the E. and W. 
to a height of about 17,000 feet above the bright interior, on which 
stands a magnificent central mountain at least 5000 feet in 
altitude. Were it not somewhat foreshortened, Tycho would be 
seen to deviate considerably from what is deemed to be the normal 
shape. On the S. and W. especially, the wall approximates to 
the linear type, no signs of curvature being apparent where 
these sections meet. The crest on the S. and S.E. exhibits 
many breaks and irregularities ; and it is through a narrow gap 
on the S. that a rill-like valley, originating at a small depres- 
sion near the foot of the S.W. glacis, passes, and, descending the 
inner slope of the S.E. wall obliquely, terminates near its foot. 
There is a distinct crater on the summit ridge on the S.E., and 
another below the crest on the outer S.W. slope. On the S. 
inner slope I have often remarked a nnmber of bright oval 
objects, which, for the lack of a better word, may be termed 
“mounds,” though they represent masses of material many miles 
in length and breadth. The outer slope of Tycho, exhibiting under 
a high light a grey nimbus encircling the wall, includes — craters, 
crater-pits, shallow valleys, spurs and buttresses — in short, almost 
every variety of lunar feature is represented. Excepting the 
central mountain and a crater on the W. of it, I have not seen 
any object on the floor, which, for some nnexplained reason, is 
never very distinct. Schmidt shows several low ridges on the 
N.E. side. In a paper recently published in the jistronomische 
NachricMen, Professor W. H. Pickering, describing his observa- 
tions of the Tycho streaks made at Arequipa, Peru, with a 
13-inch achromatic, asserts that they do not radiate from the 
centre of Tycho, but from a multitude of minute craters on its 
S.E. or N. rim. (See Introduction.) 

Magixus. — An immense pai'tially ruined enclosure, at least 
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100 miles from side to side, on the S.W. of Tycho, from which it 
is separated by a region covered with a confused mass of ring- 
plains and craters. On almost every part of its broken border 
stand large ring-plains, many of which, if they were isolated, or 
situated in a less disturbed region, would rank as objects of 
importance ; but among such a multitude of features they pass 
unnoticed. The largest of them occupies no inconsiderable part 
of the S.E. wall, and is quite 30 miles in diameter, its own border 
being also much broken by depressions, as, indeed, are those of 
almost all the six or more large ring-plains which define the 
'N. limits of Maginus. The loftiest portion of what remains of 
a true border rises at one place to more than 14,000 feet. On 
the floor, which is traversed by some of the Tycho rays, there 
is a mountain group associated with a crater, nearly central, 
and several large rings on the N. side. Though the formation 
is very difficult to detect under a high sun, Madler's dictum that 
the full moon knows no Maginus ’’ is not strictly true. 

Street. — A walled-plain between Tycho and Maginus, about 
28 miles in diameter, with a border of moderate height, broken 
by depressions on the N. There are some small craters and ridges 
within ; but the surrounding region, with its almost endless variety 
of abnormally shaped formations, is far more worthy of the 
obsei'ver’s attention. 

Deluc. — The largest and most prominent member of a curious 
group of ring-plains on the S.W. of Maginus. It is about 
28 miles in diameter, and is encircled by a wall some 7000 feet 
above the interior, which includes a crater. A large ring with a 
central mountain encroaches on the N. wall, and a smaller object 
of the same class on the S. wall. 

Olavius. — There are few lunar observers who have not devoted 
more or less attention to this beautiful formation, one of the most 
striking of telescopic objects. However familiar we may consider 
ourselves to be with its features, there is always something fresh 
to note and to admire as often as we examine its apparently inex- 
haustible details. It is 142 miles from side to side, and includes 
an area of at least 16,000 square miles within its irregular circum- 
vallation, which is only comparatively slightly elevated above the 
bright plateau on the W., though it stands at least 12,000 feet 
above the depressed floor. At a point on the S.W. a peak rises* 
nearly 17,000 feet above the interior, while on the E. the cliffs are 
almost as lofty. There are two remarkable ring-plains, each 
about 25 miles in diameter, associated, one with the N., and the 
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other with the 8. wall, the floors of both abounding in detail. The 
latter, however, is the most noteworthy on account of the curious 
corrugations visible soon after sunrise on the outer N. slope of its 
wall, resembling the ribbed flanks of some of the Java volcanoes. 
There are five large craters on the floor of Clavius, following a 
curve convex to the N., and diminishing in size from W. to B. 
The most westerly stands nearly midway between the two large 
ring-plains on the walls, the second (about two-thirds its area) 
is associated with a complex group of hills and smaller craters. 
Both these objects have central mountains. In addition to this 
prominent chain, there are innumerable craters of a smaller type 
on the floor, but they are more plentiful on the S. half than 
elsewhere. On the S.E. wall are three very large depressions. 
On the broad massive IST-E. border, the bright summit ridge and 
the many transverse valleys running down from it to the floor, are 
especially interesting features. There are very clear indications 
of “faulting” on a vast scale where this broad section of the wall 
abuts on the N. side of the formation. 

Cysatus. — A regular walled-plain, apparently about 28 miles 
in diameter, forming the most northerly member of a chain of 
formations, of which Newton, Short, and Moretus, extending 
towards the S. limb, form a part. Its border rises nearly 13,000 
feet above a floor devoid of prominent detail. 

Gruembeuger. — A much larger and more irregular ring-plain, 
nearly 40 miles from wall to wall, on the B. side of Cysatus. Its 
W. border rises nearly 14,000 feet above the interior, which 
includes an abnormally deep crater, the bottom of which is 20,000 
feet below the crest of the W. wall, and several small depressions 
and ridges. The inner E. slope is finely terraced. 

Moretus. — A magnificent object, 78 miles in diameter, but 
foreshortened into a flat ellipse. Its beautifully terraced walls and 
magnificent central mountain, nearly 7000 feet high, are very 
conspicuous under suitable conditions. The rampart on the B. 
is more than 15,000 feet above the floor, while on the opposite 
side it is about 5000 feet lower. 

Short. — A fine but foreshortened ring-iDlain of oblong shape, 
squeezed in between Moretus and Newton. It is about 30 miles 
in diameter, and on the S.E., where its border and that of Newton 
are in common, it rises nearly 17,000 feet above the interior, 
which includes, according to Neison, a small central hill. Schmidt 
shows a crater on the N. side of the floor. 

Newton. — Is situated on the S.E. side of Short, and is the 
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deepest walled-plain on the visible surface. It is of irregular 
form and about 143 miles in extreme length. One gigantic peak 
on the E. rises to nearly 24,000 feet above the floor, the greater 
part of which is always immersed in shadow, so that neither the 
earth or sun can at any time be seen from it. 

Malapert. — A ring-plain situated far too near the limb for 
useful observation. Between it and Newton is a number of 
abnormally shaped enclosures. 

Oabeus. — Another object out of the range of satisfactory 
scrutiny. Madler considered that it is as deep as Newton. 
According to Neison, a central peak and two craters can be seen 
within under favourable conditions. Schmidt draws a long row 
of great depressions on the N. side of it. 


EAST LONGITUDE 20“ to 4o^ 

Landsbbrg. — A ring-plain, about 28 miles in diameter, situated 
in Mare Nubium, S.E. of Eeinhold, which in many respects it 
resembles. Its regular massive border is everywhere continuous. 
Only a solitary crater breaks the uniformity of its crest, that 
rises on the W. to nearly 10,000 feet, and on the E. to about 
7000 feet above the floor, which is depressed about 7000 feet 
below the surrounding surface. The inner slopes exhibit some 
fine terraces, and on the broad W. glacis is a curious winding 
valley, which runs up the slope from the S.W. side to the crater 
just mentioned, then, bending downwards, joins the plain at the 
foot of the N. wall. Neither this nor the crater is shown in the 
maps. The large compound central peak is apparently the sole 
object in the interior. At 8 h. 25 m. on Januai'y 23, 1888, when 
observing the progress of sunrise on this formation with a 8 J-inch 
Oalver-reflector charged with different eyepieces, I noticed, when 
about three-fourths of the floor was in shadow, that the illuminated 
portion of it was of a dark chocolate hue, strongly contrasting 
with the grey tone of the surrounding district. This appearance 
lasted till the interior was more than half illuminated, gradually 
becoming less pronounced as the sun rose higher on the ring. 
E. and S.E. of Landsberg is a number of ring-plains and craters 
well woi'thy of careful examination. Five of the largest are sur- 
rounded by a glistening halo, and one (that nearest to the forma- 
tion) and another (the largest of the group) have each a minute 
crater on their N. wall. 
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Euclides. — One of the most brilliant objects on the moon ; a 
crater 7 miles in diameter, standing on a large bright area in the 
Mare Procellarnm, E. of the Eiphasan Mountains. Its E. rim 
rises nearly 2000 feet above the bright depressed floor ; on the W. 
there is a bright little unrecorded crater. 

WlOHMANN. — This bright crater, about 5 miles in diameter, 
stands on a light area in Oceanus Procellarnm, N.N.W. of Let- 
ronne and nearly due E. of Euclides. Some distance on the N.E. 
are the relics of what appears once to have been a large enclosure, 
represented now by a few isolated mountains. 

Herigonitjs. — A ring-plain, about 7 miles in diameter, in the 
Mare Procellarnm, N.W. of Gassendi. There is a small crater a 
few miles S.E. of it, among the bright little mountains which 
flank this formation. Hefigonins has a small central mountain, 
which is a good test for moderate apertures. 

Gassendi. — One of the most beautiful telescopic objects on 
the moon’s visible surface, and structurally one of the most 
interesting and suggestive. It is a walled-plain, 55 miles in 
diameter, of a distinctly polygonal type, the N.W. and S.W. 
sections being practically straight, while the intermediate W. 
section exhibits a slightly convex curvature, or bulging in towards 
the interior. There is also much angularity about the E. side, which 
is evident at an early stage of sunrise. The wall on the N. 
is broken through and almost completely wrecked by the great 
ring-plain Gassendi A. The bright eastern section of the border 
is in places very lofty, rising at one peak, N. of the well-known 
triangular depression upon it, to 9000 feet, and at other peaks 
on the same side still higher. It is very low on the S., being only 
about 500 feet above the surface. The floor, however, on the N. 
stands 2000 feet above the Mare Humor um. On the W. there is 
a peak towering 4000 feet above the wall, which is here about 
5000 feet above the floor, and 8000 feet above the Mare Nubium. 
A very notable feature in connection with this formation is the 
little bright plain bounding it on the N.W., and separated from it 
by merely a narrow strip of wall. This enclosure is flanked on the 
N.E. by Gassendi a, and on the S.W. and N.W. by a coarse wind- 
ing ridge, running from the W. wall and terminating at a large 
irregular dusky dep)ression. Gaudibert has detected a crater near 
the S.E. edge of this bright plain, which includes also some oval 
mounds. The interior of Gassendi is without question unrivalled 
for the variety of its details, and, after Plato, has perhaps 
received more attention from observers than any other object. 
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The bright central mountain, or rather mountains, for it consists 
of a number of grouped masses crowned by peaks, of which the 
loftiest is about 4000 feet, is one of the finest on the moon. 
It was carefully studied with a 6J-inch Oooke-achromatic by 
the late Professor Phillips, the geologist, who compared it to the 
dolomitic or trachytic mountains of the earth. The buttresses 
and spurs which it throws out give its base a digitated outline, 
easily seen under suitable illumination. There are between 30 
and 40 clefts in the interior, the majority being confined to 
the S.W. quarter of the floor. Those most easily seen pertain 
to the group which radiates from the central mountain towards 
the S.W. wall. They are all more or less difficult objects, re- 
quiring exceptionally favourable weather and high powers. A 
fine mountain range, the Percy Mountains, is connected with 
the E. flank of Gassendi, extending in a S.E. direction towards 
Mersenius, and defining the N.E. side of the Mare ITumorum. 

. Bullialdus. — A noble object, 38 miles in diameter, forming 
with its surroundings by far the most notable formation on the 
surface of the Mare Nubium, and one of the most characteristic 
ring-plains on the moon. It should be observed about the time 
when the morning terminator lies on the W. border of the Mare 
Humorum, as at this phase the best view is obtained of the two 
deep parallel terrace valleys which run round the bright inner 
slope of the E. wall, of the crater-row against which they abut 
on the S.E., and of the massive W. glacis, with its spurs and 
depressions. The S. border of Bullialdus has been manifestly 
modified by the presence of the great ring-plain a, a deep 
irregular formation with linear walls, which is connected with 
it by a shallow valley. The rampart of Bullialdus rises about 
8000 feet above a concave floor, which sinks some 4000 feet 
below the Mare on the E. With the exception of the fine com- 
pound central mountain, 3000 feet high, there are few details in 
the interior. On the S., is the fine ring-plain B, connected with 
the S.E. wall near the crater-row by a well-marked valley, and 
nearly due E. of B is another, a square-shaped enclosure, 0, with 
a very lofty little mountain on the E, side of it, and a crater 
on its S. wall. In addition to these features, there are many 
ridges and surface inequalities, very prominent under oblique 
illumination. 

Ltjbiniezky. — A regular enclosure, about 23 miles in diameter, 
N.E. of Bullialdus, with a low attenuated border, which is nowhere 
more than 1000 feet in height. It is tolerably continuous, except 
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on the S., whei’e there are two oi' three breaks. Its level dark 
interior presents no details to vary its monotony. Close under 
the N.W. wall is a small crater connected with it by a ridge, and 
E. of this a very rugged area, traversed in every direction by 
narrow shallow valleys, which are well worth looking at when 
close to the morning terminator. A blight spur projects from 
the N. wall of Lubiniezky. 

Kies. — A somewhat similar formation, S. of Bullialdus, about 
25 miles in diameter, also encircled by a border of insignificant 
dimensions, attaining an altitude of 2400 feet at only one point 
on the S.E., while elsewhere it is scarcely higher than that of 
Lubiniezky. . It is clearly polygonal, approximating to the hexa- 
gonal type. On the more distinct S. section a bright spur projects 
from it. On the N. its continuity is broken by a distinct little 
crater. It is traversed by a remarkable white streak, extending 
in a S.W. direction from Bullialdus c (where it is very wide), 
across the interior, to the more westerly of two craters S.W. of 
Mercator. Another streak branches out from it near the centre 
of the floor, and runs to the W. wall. The principal streak, 
so far as the portion within Kies is concerned, represents a cleft. 
On the Mare E. of Kies is a curious circular mound, and farther 
.towards Campanus two prominent little mountains. On the 
K.W. is a large obscure ring and a wide shallow valley bordered 
by ridges. 

Agatharchides. — ^A very irregular complex ring-plain, about 
28 miles in diameter, forming part of the N.W. side of the Mare 
Humorum. It must be observed under many phases before one 
can clearly comprehend its distinctive features. The wall is very 
deficient on the K, but is represented in places by bright moun- 
tain masses. The formation is flanked on the E. by a double 
rampart, which is at one place more than 5000 feet in height, 
with a deep intervening valley. The S. wall is traversed by a 
number of parallel valleys, all trending towards Hippalus. These 
are included in a much wider and longer chasm, which, gradually 
diminishing in breadth, extends u|) to the K. wall of the latter. 

Hippalijs.— A partially ruined walled-plain, about 38 miles 
in diameter, on the W. side of the Mare Humorum, S. of 
Agatharchides. At least one-third of the border is wanting 
on the S.E., but under a low sun its site can be distinguished 
by a faint marking and the obvious difference in tone between 
the dark interior and the lighter-coloured plain. The rest of 
the wall is bright and continuous, except at a place on the W., 
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where wliat appears to he the segment of a large ring has 
encroached upon it. There are two craters in the interior of 
Hippalns, and a row of parallel ridges, running obliquely from 
the S.W. wall up to a cleft which traverses the floor from N. 
bo S. W. of Hippalus stands a bright crater, Hippalus a, 
with an incomplete little ring-plain adjoining it on the N.W. ; 
and N.E. of it a much larger obscure ring containing two little 
hills. The Hippalus rill-system is a very interesting one, 
and the greater part of it can, moreover, be easily traced in 
a good 4“hich achromatic. It originates in the rugged region 
E. of Campanus, from which five nearly parallel curved clefts 
extend up to the rocky barrier, connecting the N. side of this 
formation with the S.W. side of Hippalus. The most westerly 
of these furrows is interrupted by a crater on this wall, but 
reappears on the N. side of it, and, after making a detour 
towards the W. to avoid a little mountain in its path, runs 
partially round the E. flank of Hippalus A, and then, continuing 
its northerly course, terminates amid the mountains W. of 
Agatharchides. (A short parallel cleft runs E. of this from the 
little mountain to the E. side of a.) The most easterly member 
of the system, originating N. of Eamsden, enters Hippalus at the 
S. side of the great gap in the border, and, after traversing the 
floor at the W. foot of a ridge thereon, also extends towards the 
mountains W. of Agatharchides. Between these clefts are three 
intermediate fui^rows, one of which runs N. from the N. side 
of the encroaching ring already referred to, on the W. wall of 
Hippalus. 

Campanus. — ^A ring-plain, 30 miles in diameter, on the rocky 
barrier, extending in nearly a straight line from Hippalus to 
Oichus. Its terraced walls, which rise on the E. more than 
6000 feet above the floor, are broken on the S. by a narrow valley, 
and on the E. by a small crater. A small central mountain is 
apparently the only object on a veiy dark interior. 

Meiwator. — A more irregular ring-plain of about the same 
area, adjoining Campanus on the S.W. Its rampart is somewhat 
lower, and is partially broken on the N. by two semi-rings, and 
on the S. by a gap. The E. wall extends on the S. far beyond 
the limits of the formation, and terminates in a brilliant mountain 
mass 6000 feet in height. There is a bright crater on the crest 
of both the E. and W. border. On the plain E. of Mercator is a 
remarkable little crater standing on a light area, and, just under 
the wall, a dusky mt connected with it by a rill-like marking. 
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These objects are of a very doubtful nature, and should be carefully 
observed. The floor of Mercator is much lighter than that of 
Campanus, and appears to be devoid of detail. 

OlCHUS. — A conspicuous ring-plain, about 20 miles in diameter, 
with a prominent deep crater,, about 6 miles across on its E. rim. 
It is situated on a curious boot-shaped plateau, near the S. end of 
the rocky mountain barrier associated with the last two formations. 
Its walls rise about 9000 feet above a sunken floor, on which 
there is some faint detail, but ap^Darently nothing deserving the 
distinction of a central mountain. The plateau on the N. is cut 
through by a fine broad valley, which has obviously interfered with 
a large crateriform depression on its southern edge. A cleft runs 
from a small crater W, of the plateau up to this valley, and extends 
beyond to the W. wall of Oapuanus. There is also a delicate 
cleft crossing the region S. of Cichus to the group of complicated 
formations S.W. of Oapuanus. As already mentioned, the great 
Hesiodus cleft is associated with the Cichus j)lateau. 

Oapuanus. — A large ring-plain, about 34 miles in diameter, E. 
of Oichus, with a border especially remarkable on the E., where it 
rises more than 8000 feet above the outside country, and includes 
a large brilliant shallow crater. It is broken on the N.W. by a 
small but noteworthy double crater ; and on the S. its continuity 
is destroyed for many miles by a number of big circular and sub- 
circular depressions and prominent deep valleys, far too numerous 
and complicated to describe. The level dusky interior contains 
only a low mound on the S., but is crossed by some light streaks 
running from N. to S. 

Eamsden. — This ring-plain, 12 miles in diameter, derives its 
importance from the remarkable rill-system with which it is so 
closely associated. Its border, about 1800 feet on the W. above 
the outside surface, is slightly terraced within on the E., where 
there is an unrecorded bright crater on the slope. The two 
principal clefts on the S. originate among the hills E. of Oapuanus. 
The more easterly begins at a crater on the E”. edge of these 
objects, and runs N". to the, E. side of Eamsden ; the other origi- 
nates at a larger crater, and proceeds in a N. direction up to 
a bright little mountain S.W. of Eamsden ; when, swerving to the 
N.E., it ends at the W. wall of this formation. This mountain is 
a centre or node from which three other more delicate branches 
radiate. On the N., three of the shortest clefts pertaining to the 
system are easily traceable from neighbouring mountains up 
to the N. wall, which they apparently partially cut through. The 
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B, pair have a common origin, hut open out as they approach the 
border o£ Eamsden. 

VlTELLO. — very peculiar ring-plain, 28 miles in diameter, on 
the S. side of the Mare Humorum, remarkable for having another 
nearly concentric ring-plain, of considerably less altitude within 
it, and a large bright central boss, overlooking the inner wall, 
1 700 feet in height. The outer wall is somewhat irregular, and 
is broken by gaps and valleys on the S. and N. W, It rises on the 
E. about 5000 feet above the Mare, but only about 2000 above 
the interior, which includes a crater on its N. side, and some 
low ridges. 

Hainzel. — This remarkable formation, which is about 55 
miles in greatest length, but is hardly half so broad, derives its 
abnormal shape from the partial coalescence of two nearly equal 
ring-plains, the walls of both being very lofty, — more than 10,000 
feet. It ought to be observed under a morning sun when the 
floor is about half illuminated. At this phase the extension of 
the broad bright terraced E. border across a portion of the 
interior is very apparent, and the true structural character of the 
formation clearly revealed. The floor abounds in detail, among 
which, on the S., are some large craters and a bright longitudinal 
ridge, Hainzel is flanked on the W. and S.W. by a broad plateau, 
W. of which stand two ring-plains about 15 miles in diameter, 
both having prominent central mountains and bright interiors. 

Wilhelm I. — A large irregular formation, about 50 miles 
across, S.E. of Heinsius, with walls varying very considerably in 
height, rising more than 11,000 feet on the B., but only about 
7000 feet on the opposite side. The border is everywhere crowded 
with depressions, large and small. Three ring-plains, not less 
than 6 miles in diameter, stand upon the S. wall, the most 
westerly overlapping its shallower neighbour on the E., which 
projects beyond the wall on to the floor. The interior has a very 
rugged and uneven surface, upon the IST. side of which are two 
very distinct craters, and a short crater-row on the W. of them. 
It is traversed from W. to B. by three bright streaks from Tycho, 
two on the N. being very prominent under a high light. 

Longomontanus. — A much larger walled-plain, S. of the last. 
It is 90 miles in diameter, with a border much broken by de- 
pressions, esiDecially on the N.E. At one peak on this side it rises 
to the tremendous altitude of 1 3,000 feet above the floor, and at 
peaks on the W. more than 1000 feet higher. There is a crowd 
of ring-plains on the N.E. quarter of the interior, and some hills 
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and craterlets in otlier parts of it. It is also crossed by rays 
from Tycho. 

ScHiLLEK. — A fine lozenge-shaped enclosure, with a continuous 
but somewhat irregular border. It is about II3 miles in extreme 
length, and rather more than half this in breadth. The loftiest 
section of the wall is on the W., where it rises 13,000 feet above 
a considerably depressed interior. There is a bright crater on 
this side and some terraces. On the broad inner slope of the E. 
border, the summit ridge of which is especially well-marked, there 
is a large shallow depression. The fioor contains scarcely any detail, 
exceiot some ridges on the N. side and a few craterlets. The 
great bright plain E. of Schiller and the region on the S.E. are 
especially worthy of scrutiny under a low morning sun. 

Bayer. — This object, 29 miles in diameter, with a terraced 
border rising on the W. to a height of 8000 feet above the floor, 
is so closely associated with Schiller, that it may almost be 
regarded as forming part of it. A long lofty mountain arm, 
apparently connected with the W. wall of the latter, runs from 
the E. side of Bayer towards the N.W. There is a crater on the 
E. side of the interior. 

Eost. — An oblong-shaped ring-plain, 30 miles in diameter, 
on the S.W. of Schiller, with moderately high walls, and, accord- 
ing to Neison, a shallow depression within, nearly central. I 
have seen a crater shown by Schmidt on the E. side of the floor. 
A valley runs from the E. side of Eost to the S. of Schiller. 

Weigel. — A not very conspicuous ring-plain on the S. of 
Schiller, with a crater on its N.W. rim, and a larger ring adjoining 
it on the S.E. A prominent curved mountain arm from the E. 
wall of Schiller runs towards the N. side of this formation. 

Blancanus. — A formation, 50 miles in diameter, on the S.E. 
side of Olavius, whose surpassing beauties tend to render the less 
remarkable features of this magnificent ring-plain and those of 
its neighbour Scheiner less attractive than they otherwise would 
be. The crest of its finely terraced wall, which at one peak on 
the E. rises to 18, OCX) feet, is at least 12,000 feet above the interior. 
Krieger saw twenty craters on the floor (1894, Sept. 21, I3h.), 
most of them situated on the S. quarter. 

SciiEiNEE. — A still larger object, being nearly 70 miles in 
diameter, with a prominently terraced wall, fully as lofty as that 
of Blancanus. There is a large crater, nearly central, two others 
on the N.B. side of the fioor, and a fourth at the inner foot of 
the E. wall. There is also a shallow ring on the N.E. slope. 
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Schmidt shows, bnt far too prominently, two straight ridges 
crossing each other on the S. side of the central crater. 

Casatus. — A large walled-plain, about 50 miles in diameter, 
S.B. of Blancanns, near the limb, remarkable for having one of 
the loftiest ramparts of all known lunar objects; it rises at one 
peak on the S.W. to the great height of 22,285 feet above the 
floor, while there are other peaks nearly as high on the N. and S. 
The wall is broken on the B. by a fine crater. There is also 
a crater on the N.W. side of the very depressed floor, together 
with some craterlets. 

Klaproth. — Casatus partially overlaps this still larger but 
less massive formation on its S.E. flank. The walls of Klap- 
roth are much lower and very irregular and broken, especially on 
the W. There are some ridges on the floor. The neighbouring 
region is covered with unnamed objects, large and small. 


EAST LONGITUDE 40° to 6o\ 

Flamsteed. — A bright ring-plain, 9 miles in diameter, in a 
barren region in the Oceanus Procellarum, N.E. of Wichmann. 
It has a regular border (broken at one place on the N. by a gap, 
which probably represents a crater), rising to a height of about 
1400 feet above the surrounding plain. A great enclosure, 60 
miles in diameter, lies on the N. of Flamsteed. It is defined by 
low ridges which exhibit many breaks, though under a high light 
the ring is apparently continuous. Within are several small 
craters and two considerable hills, nearly central. 

Hermann. — A ring-plain, about 10 miles in diameter, in the 
Oceanus Procellarum, W. of Lohrmann. It is associated with a 
group of long ridges, running in a meridional direction and 
roughly parallel to the coast-line. 

Letronne. — A magnificent bay or inflexion in the coast-line 
of the Oceanus Procellarum, N.N.E. of Gassendi, i)resenting an 
opening towards the N. of nearly 50 miles, and bounded on 
the S. and S.W. by the lofty Gassendi highlands. Its border on 
the W., about 3000 feet high, is crowned with innumerable small 
depressions. The interior includes four bright little mountains, 
nearly central (three of them forming a triangle), a bright crater 
on the W. side, and several minor elevations and ridges. On the 
plain N. of the bay, is a large bright crater, from which a fine 
curved ridge runs to the central mountains. If Letronne is 
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observed under oblique illumination, tbe low mounds and ridges 
on the Mare outside impress one with the idea that they represent 
the remains o£ a once complete N. wall. 

Billy. — A ring-plain, 31 miles in diameter, S.E. of Letronne, 
with a very dark floor, depressed about 1000 feet below the grey 
surface on the W., and a regular border, rising more than 3000 
feet above it. There is a narrow gap on the S., and indications of 
a crater on the N.W. rim. Two small craters stand on the S. half 
of the interior: The formation is flanked on the S.W. by highlands. 

Hansteen. — A somewhat larger ring-plain, with a lower and 
more irregular rampart, rising on the W. to nearly 3000 feet 
above the floor, which is depressed to about the same extent as 
that of Billy. Both the inner and outer slopes are terraced on 
the E., where the glacis is traversed by a short, delicate, rill-like 
valley. There are some bright cuiwed ridges on the floor. On 
the W. of Billy and Hansteen is a wide inlet of the Oceanus Pi'o- 
cellarum, bounded by the Letronne region on the W., and on the 
S. by lofty highlands. On the surface, not far from the S.W. 
border of Hansteen, is a curious triangular-shaped mountain mass, 
with a digitated outline on the S., and including a small bright 
crater on its area. Between this and the ring-plain is a large but 
somewhat obscure depression, N. of which lies a rill-like object 
extending from the N. point of the triangular mountain to the W. 
wall. At the bottom of a gently sloping valley between Billy 
and Hansteen is a delicate marking, which seems to represent a 
cleft connecting the two formations. 

Zulus. — A formation about 12 miles in diameter with a dark 
floor, situated in the hilly region N.E. of Mersenius. 

Eontana. — A noteworthy ring-plain, about 20 miles in diameter, 
E.N.E. of Zupus, with a bright border, exhibiting a narrow gap on 
the S. and two lai'ge contiguous craters on the N.W. The faint 
central mountain stands on a dusky interior. On the N. is a large 
peculiar depressed plain with a gently sloping wall, within which 
are three short rill-like valleys and a crater. 

Mersenius.— With its extensive rill-system and interesting 
surroundings, one of the most notable ring-plains in the third 
quadrant. It is 41 miles in diameter, and is encircled by a fine 
rampart, which on the side fronting the Mare Humorum lises 
7000 feet above the floor, which is distinctly convex, and is 
depressed 3000 feet below the region on the E., though it stands 
considerably above the level of the Mare. The prominently 
terraced border is tolerably regular on the N.W., but on the 
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S. and S.E. is mncla broken by craters and depressions, the 
largest and most conspicuous interrupting the continuity of its 
summit-ridge on the latter side. A fine crater-row traverses the 
central part of the interior, nearly axially, and a delicate cleft 
crosses the N. half of the floor from the inner foot of the N.E. 
wall to a crater not far from the opposite side. I detected 
another cleft on November ii, 1883, also crossing the N. side of 
the floor. 

South of Mersenius is the fine ring-plain Mersenius d, about 
20 miles in diameter, situated on the border of the Mare ; and, ex- 
tending in a line from this towards Vieta are two others {a, and 
Cavendish 6^,), somewhat larger, but otherwise similar; the more 
•easterly being connected with Cavendish by a mountain arm. One 
of the principal clefts of the system (all of which run roughly 
parallel to the N.E. side of the Mare, and extend to the Percy 
Mountains E. of Gassendi) crosses the floor of and, I believe, 
partially cuts into its W. wall. Another, the coarsest, abuts on 
a, mountain arm connecting d with Mersenius, and, reappearing 
on the E. side, runs up to the N.W. wall of the other ring-plain, 
a, and, again reappearing on the B. of this, strikes across the 
rugged ground between a and Cavendish d, traversing its floor 
and border, as does also another cleft to the N. of it. Cavendish d 
includes a coarse cleft on its floor, running from N. to S., which I 
have frequently glimpsed with a 4-inch achromatic. There are two 
other delicate clefts running from the Gassendi region to the S.W. 
side of Mersenius, which are in part crater-rills. 

Cavendish. — A notable ring-plain, 32 miles in diameter, S.E. 
of Mersenius, with a prominently terraced border, rising at one 
point on the S. to a height of 6000 feet above the interior, on 
which are a few low ridges. A large bright ring-plain (e), about 
12 miles in diameter, breaks the continuity of the S.E. wall, and 
adjoining this, but beyond the limits of the formation, is another 
smaller ring with a central hill. There is also a bright crater on 
the N.W. border. The W. glacis is very broad, and includes two 
large shallow depressions. An especially fine valley runs up to the 
N. wall, to the W. side of e. 

Yieta. — One of the finest objects in the third quadrant; a 
ring-plain 5 1 miles in diameter, with broad lofty walls, a peak on 
the west rising to nearly 11,000 feet, and another N. of it to con- 
siderably more than 14,000 feet above the interior. It is bounded 
by a linear border, approximating very closely to an hexagonal 
shape, which is broken by many gaps and cross-valleys. On 
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the S., the S.W. and S.E. sections of the wall do not meet, 
being separated by a wide valley flanked on the W. by a fine 
crater, which has broken down the rampart at this place. The 
]Sr. border is likewise intersected by valleys and by a crater-row. 
The inner slopes are conspicuously terraced. There is a very 
inconspicuous central mountain and several large craters on tbe 
floor, some of them double. Ten have been counted on the N. 
half of the interior. On the S.E. of Vieta are two fine overlapping 
ring-plains, with a crater on the wall common to both. 

De Vico. — A conspicuous little ring-plain, about 9 miles in 
diameter, with a lofty border, some distance E. of Mersenius. 

Lee. — A n incomplete walled-plain, about 28 miles in diameter, 
on the S. side of the Mare Humorum, E. of Vitello, from which 
it is separated by another partial enclosure, with a striking valley, 
not shown in the published maps, running round its W. side. 
If viewed when its E. wall is on the morning terminator, some 
. isolated relics of the wrecked N. W. wall of Lee are prominent, in 
the shape of a number of attenuated bright elevations separated 
by gaps. Within are three or four conspicuous hills. 

Doppelmayer. — Under a high sun this large ring-plain, 40 
miles in diameter, resembles a great bay open to the N.W., with- 
out a trace of detail to break the monotony of the surface on the 
side facing the Mare Humorum. When, howeYer, it is viewed 
under oblique morning illumination, a low broad ndge is easily 
traceable, extending across the opening, indicating the site of a 
ruined wall. There is an isolated mountain at the S.W. end of 
this, which casts a fine spire of shadow across the floor at sunrise. 
The interior contains a massive bright central mountain and several 
little hills. The crest of the wall on the E. is much broken. 

Eourier. — A large ring-plain, 30 miles in diameter, S.W. of 
Vieta, with a border rising at a peak on the W. more than 9000 
feet above the floor, There are two craters on the outer slope 
of the N.W. wall, a prominent crater on the S. wall, and (accord- 
ing to Schmidt) a small central crater on the floor, which I 
have not seen. In the region between Eourier and Vieta there 
are three ring-plains, two (the more westerly) standing side by 
side, and on the W., towards the Mare, are two others much larger, 
that nearer to Fourier being traversed by one cleft, and the other 
by two clefts, crossing near the centre of the floor. 

Clausius. — A small bright ring-plain in an isolated position 
N.W. of Schickard, with a crater both on its N. and S. rim, and 
a faint central hill. 
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Lacroix. — A ring-plain 20 miles in diameter, N. of Scliickard. 
It has a j)rominent central mountain. 

Schick ARD. — One of the largest wall-stirronnded plains on 
the visible surface of the moon, extending about 1 34 miles from 
N. to S., and about the same from E. to W., enclosing a nearly 
level area, abounding in detail. Its border, to a great extent 
linear, is very irregular, and much broken by the interposition of 
small ring-plains and craters, and on the N. by cross-valleys. Its 
general height is about 4000 feet, the loftiest peak on the W. wall 
rising to more than 9000 feet above the floor. The inner slopes 
of this vast rampart are very complex, especially on the E., where 
many terraces and depressions maybe seen under suitable illumina- 
tion. There are three large ring-plains in the interior, all of them 
S. of the centre ; and at least five smaller ones near the inner foot 
of the E. wall, which can only be well observed when libration is 
favourable. The two more easterly of the large ring-plains are 
connected by a cleft, and there are several short clefts and crater- 
rows associated with the smaller ring-plains. On the N. side of 
the area is a number of minute craters. The floor is diversified 
by two large dark markings — an oblong patch on the S.W . side, 
abutting on the wall, being the more remarkable ; and a dusky 
area, occupying a great portion of the N. part of the floor, 
and extending up to the N. border. This is traversed by a 
light streak running from N. to S., which is the site of a row of 
minute craters. 

Lehmann. — A ring-j)lain, about 28 miles in length, on the N. 
of Schickard, with which it is connected by a number of cross- 
valleys. 

Drebbel. — A bright ring- plain, 18 miles in diameter, on the 
N.W. of Schickard, with a lofty irregular border (especially on 
the W.), exhibiting a well-marked terrace on the E., a distinct 
gap on the N., and a small crater on the S.E. rim. On a dusky 
area between it and Schickard stand three prominent deep 
craters. 

Phooylides. — This extraordinary walled plain, with its neigh- 
bouring enclosures, is structurally very remarkable and sugges- 
tive. It consists of a large irregular formation, with a lofty 
wall, flanked on the N. by a smaller and still more irregular 
enclosure (&), the floor of which is 1500 feet above that of 
Phocylides, the line of partition being a high cliff, probably 
representing a ‘‘fault,” whose shadow under a low sun is very 
striking. Phocylides is about 80 miles in maximum length, 
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01', if W6 reckon the small enclosure 6 to form a part of it, 
more than 120 miles The loftiest peak, nearly 9000 feet, 
is on the W border, near the partition wall The continuity 
of the rampart is broken on the S. by a large crater. There 
is a bright ring-plain on the W. side of the floor, and a few 
small craters. Phocylides 5 has only a solitary crater within it 
Phocylides c, abutting on the W flank of Phocylides, is about 
26 miles in diameter. Its somewhat dusky interior is devoid of 
detail, but the outer slope of its W. wall is crowded with a number 
of minute craters, which, under good conditions, may be utilised as 
tests of the defining power of the telescope used. Phocylides a, 
on the bright S W . plain, is a large deep crater with a fine crater- 
row flanking it on the W 

Wargentin — A most remarkable member of the Phocylides 
group, flanking the S E side of Schickard Unlike the majority 
of lunar formations, its floor is raised considerably above the sur- 
rounding region, so that it resembles a shallow oval dish turned 
upside down. It is 54 miles in diameter, and, except on the 
S W. (where it abuts on Phocylides and for some distance 
is bounded by its wall), it has only a border of very moderate 
dimensions On the N.E. slope of this ghostly rampart I have seen 
a distinct little crater, and two much larger depressions on the 
N.W. slope. There are some low ridges on the floor, radiating 
from a nearly central point, which have been aptly compared to a 
bird’s foot 

Segxer — A fine rmg-plain, 46 miles in diameter, on the S E. 
side of Schiller, with a linear border on every side except the N 
At a peak on the W , whose shadow is very remarkable, it rises 
to a height of more than 8000 feet above the outer surface. 
There is a crater on the S.W. wall, another on the N W. wall, 
and several depressions on the outer slope on this side. The 
central mountain is small but conspicuous. A large unnamed 
enclosure extends N. of Segner it is larger than Schiller, and is 
surrounded by a lofty harrier. The bright plain between this and 
the latter is worth examination under a low sun 

ZuCHius Is situated on the S E of Segner, which it slightly 
overlaps It is very similar m size and general character, and 
has a lofty terraced wall, rising at one place on the W to nearly 
11,000 feet above the floor A very fine chain of craters, well 
seen when the opposite border is on the morning terminator, runs 
round the outer W slope of the wall There is a bright crater 
beyond this on the S.W. Zuchius has a central peak 
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Bettinus. — Another ring-plain of the same type and size, some 
distance S. of the last, with a massive border, terraced within, and 
rising on the W. more than 13,000 feet above tbe floor, on which 
stands a grand central mountain, whose brilliant summit is in sun- 
light a long time before a ray reaches any part of the deep interior. 

Kircher. — A ring-plain, about 45 miles in diameter, S. of 
Bettinus, remarkable also for its very lofty rampart, which on 
the S. attains the tremendous height of nearly 18,000 feet above 
the floor, which appears to be devoid of detail. 

Wilson. — The most southerly of the chain of five massive ring- 
plains, extending in an almost unbroken line from Segner and 
differing only very slightly in size. It is about 40 miles in dia- 
meter, and has a somewhat irregular border, both as regards 
shape and height, rising at one peak on the S.W. to nearly 14,000 
feet above a level interior, which apparently contains no con- 
spicuous features. 


EAST LONGITUDE 60“ to 90°. 

Grimaldi. — This ranks among the largest wall-surrounded 
plains on the moon, and is perhaps the dai'kest. It extends 148 
miles from N. to S. and 129 miles from E. to W., enclosing an area 
of some 14,000 square miles, or nearly double that of the princi- 
pality of Wales. This vast dusky surface is bounded on the E. by a 
tolerably regular border, having an average height of about 4000 
feet, while on the opposite side it is much broken, and in places 
considerably loftier, rising at one peak on the S.W. to an altitude 
of 9000 feet. About midway, also, this westeim rampart attains a 
great height, as may be seen by any one who observes at sun- 
rise the magnificent shadow of it, and its many peaks thrown 
across the bluish-grey interior. On the S. the wall is broken by a 
large irregular depression, on the W. of which is a very curious 
V-shaped rill valley. On the N.W. it is comparatively low, and in 
places discontinuous ; and even to a greater extent than on the 
S.W., intersected by passes. At the extreme N. end, a number of 
wide valleys cut through the wall and trend towards Lohrmann. 
There is a considerable lung-plain at the inner foot of the N.E. 
wall, but, except this and a few longitudinal ridges, just visible 
under a very low sun, there is apparently no other objects to vary 
the monotony of this great expanse. 

Damoiseaxj. — Consists of a complex arrangement of rings, an 
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enclosure 23 miles in diameter, with a somewhat smaller enclosure 
placed excentrically within it (the N. side of both abutting on a 
bright plateau), with two large depressions intervening between 
their W, borders. This peculiarity, almost unique, renders the 
formation an especially interesting object. Damoiseau is situated 
on the W. side of Grimaldi, on the E. coast-line of the Oceanus 
Procellarum, from which the S.W. border rises at a gentle 
inclination. On the IST-W. there is a curious curved inflexion of 
the Mare, bounded by a bright cliff, representing probably the E. 
side of a destroyed ring, a supposition which is strengthened by 
the existence of a faint scar on the surface of the sea, extending 
in a curve from one extremity of the bay to the other, and thus 
indicating the position of the remainder of the ring. A con- 
spicuous little crater stands at the S. end of it, and two others 
some distance to the W. The smaller component of Damoiseau 
contains a low central ridge. 

Eicoioli. — ^An immense enclosure, near the limb, N.E. of 
Grimaldi, bounded by a rampart which is very irregular both in 
form and height, though nowhere of great altitude, and much 
broken by narrow gaps. It is especially low and attenuated on 
the K, where a number of ridges with intervening valleys traverse 
it. On the S. also a wide valley cuts through it. With the excep- 
tion of a few low rounded hills and ridges, a short crater-row 
under the S.E. wall, and two small craters on the S.W., there are 
no details on the floor, which, however, is otherwise remarkable for 
the dusky tone of its surface, especially on the N. This dark patch 
occupies the whole of the N.E. side of the interior, and is bounded 
on the S. by an irregular outline, extending at one point nearly to 
the centre, and on the W. by a curved edge. The W. side is much 
darker than the rest. It is, in fact, as dark, if not darker, than any 
part of the floor of Grimaldi. Eiccioli extends 106 miles from N. to 
S., and is nearly as broad. It includes an area of 9000 square miles. 

Rocca. — An irregular formation, 60 miles in length, near the 
limb S.E. of Grimaldi, consisting of a depression partially en- 
closed by mountain arms. 

SiRSALis. — The more westerly of a conspicuous pair of ring- 
plains about 20 miles in diameter, in the disturbed mountain 
region some distance S.W. of Grimaldi. It has lofty bright 
walls, rising to a great height above a depressed floor, on which 
there is a prominent central mountain. The B. border encroaches 
considerably on the somewhat larger companion, which is, how- 
ever, scarcely a third so deep. 
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One o£ the longest clefts on the visible surface runs immedi- 
ately W. of this formation. Commencing at a minute crater on 
the IT. of it, it grazes the foot of the W. glacis ; then, passing a pair 
of small overlapping craters (resembling Sirsalis and its companion 
in miniature), it runs through a very rugged country to a ring- 
plain E. of De Vico (De Vico a), which it traverses, and, still 
following a southerly course, extends towards Byrgius, in the 
neighbourhood of which it is apparently lost at a ridge, though 
Schmidt and Gaudibert have traced it still farther in the same 
direction. It is at least 300 miles in length, and varies much 
in width and character, consisting in places of distinct crater- 
rows. 

OrDger. — A regular ring-plain E. of Fontana, 30 miles in 
diameter, with a dark floor, without detail, and comparatively 
low bright walls. There is a smaller but very conspicuous ring- 
plain (Oriiger a) on the W. of it, to which runs a branch of the 
great Sirsalis cleft. 

Eiohstadt. — A ring-plain, 32 miles in diameter, near the E. 
limb, S. of Rocca. It is . the largest and most southerly of three 
neax'ly circular enclosures, without central mountains or any other 
details of interest. On the W. lies a great walled-plain with a 
very irregular border, containing several riug-plains and craters, 
and a crater-rill. Schmidt has named this formation Darwin. 

Byrgius. — A very irregular enclosure, about 40 miles in 
diameter, between Cavendish and the E. limb, with a lofty and 
discontinuous border, rising at one point on the E. to a height 
of 7000 feet above the floor. There are wide openings both in 
the N. and S. wall, and some ridges within. The border is broken 
on the B. by a crater, and on the W. by the well-known crater 
Byrgius A, from which a number of bright streaks radiate, mostly 
towards the E. One on the W. extends to Cavendish, and 
another to Mersenius, traversing the ring-plain Cavendish c. 
North-east of Byrgius there is a mountain arm which includes a 
peak 13,000 feet in height. 

— A walled-plain, about 90 miles in length, some dis- 
tance S.E. of Vieta, with a complex broken border, including 
several depressions on the N.W., rising to about 7000 feet above 
a rather dark interior, on which there is a prominent central 
mountain. 

Lagrange. — A larger but similar formation, 100 miles in 
diameter, associated with the last on the N.E., with a complex 
terraced border, including peaks of 9000 feet, a bright crater on 
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the W., and a ring-plain on the N.W. The inner slope of the E. 
wall is a fine object at sunrise, when libration is favourable. The 
floor is dark and devoid of detail. 

Bouvard. — A great irregular enclosure, which appears to be 
still larger than Lagrange, S.E. of Piazzi, and close to the limb. 
It is bounded by a very lofty rampart, rising at a peak on the W. 
to 10,000 feet. It has a fine central mountain. 

Inohirami. — A very remarkable ring-plain, 6o miles in dia- 
meter, E. of Schickard, with a bright, broad, and nearly con- 
tinuous border, terraced within, and intersected on the N.E. by 
narrow valleys, one of which is prolonged over the floor and 
extends to the central mountain. There are two curious dark 
spots on the N. side of the interior. Beyond the foot of the 
glacis on the S. a distinct cleft runs from a dusky spot to a group 
of small craters E. of Wargentin. There is a fine regular ring- 
plain with a small central mount W. of Inghirami. 

PiNGR^. — A ring-plain, about i8 miles in diameter, between 
Phocylides and the limb. 

Hausex. — A ring-plain, close to the limb, N. of Bailly, which, 
but for its position, would be a fine object. It is, however, never 
sufficiently well placed for observation. 

Bailly. — One of the largest wall-surrounded plains on the 
moon, almost a ^‘sea ” in miniature, extending 150 miles from N. 
to S., and fully as much from W. to E. When caught at a favoui'- 
able phase, it is, despite its position, especially worthy of scrutiny. 
The rampart on the W., of the linear type, is broken by several 
bright craters. On the S.W. two considerable overlapping ring- 
plains interfere with its continuity. On the S.E. several very 
remarkable parallel curved valleys traverse the border. The B. 
wall, which at one point attains a height of nearly 15,000 feet, 
is beautifully terraced. The floor on the eastern side includes 
several ring-plains (some of which are of a very abnormal type), 
many ridges, and two delicate dark lines, crossing each other near 
the S. end, probably representing clefts. 

Legentil. — A large walled-plain, close to the limb, S. of 
Bailly. 
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Kastnee. — A lai-ge walled-plain at the S. end of the Mare 
Smythii, too near the limb for satisfactory observation. 

Maclaurin. — The principal member of a group of irregular 
ring-plains on the W. side of the Mare Ececunditatis, a little S. of 
the lunar equator. Schmidt shows no details within it, except a 
small crater on the E. side of the floor. 

Webb. — A ring-plain E. of Maclanrin, about 14 miles in dia- 
meter, with a dusky floor, enclosed by a bright rim, on the N.E. 
side of which there is a small crater. Schmidt seems to have 
overlooked the central hill. 

y 

Langrentjs. — This noble circumvallation, the most northerly ^ 
of the meridional chain of immense walled-plains, extending for 
more than 600 miles from near the equator to S. lat. 40°, would, 
but for its propinquity to the limb, rank with Copernicus (which 
in many respects it resembles) among the most striking objects 
on the surface of the moon. Its length is about 90 miles from 
N. to S., and its breadth fully as much. In shape it approximates 
very closely to that of a foreshortened regular hexagon. The 
walls, which at one point on the E. rise to an altitude of nearly 
10,000 feet, are continuous, except on this side, where they are 
broken by the intei’ference of an irregular depression, and on the 
extreme S., where they are intersected by cross-valleys. Within, 
the terraces are remarkably distinct, and the intervening valleys 
strongly marked. The brilliant compound central mountain rises 
at its loftiest peak to a height of more than 3000 feet. On 
the N. of it is an obscure circular ring, which may possibly 
merely represent a fortuitous combination of ridges, though it has 
all the appearance of a modified ring-plain. On the Mare, some 
distance N.E. of the formation, is a group of three ring-plains, 
with two small craters (associated with a ridge) on the N. of 
them. Two of the more westerly of these objects have prominent 
central mountains, and the third a very dark interior. At least 
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three "bright streaks originate on the E. Hank of Langrenus, 
which, diverging widely, traverse the Mare Foecixnditatis.^ 

Venbelinxjs. — The second great enclosure pertaining to the 
; meridional chain — a magnificent walled-plain of about the same 
J dimensions as the last. It is bounded by a very irregular ram- 
part, which, under evening illumination, is especially noteworthy, 
though nowhere approaching the altitude of that of Langrenus. 
Its continuity on the W.’ is broken by the great ring-plain V en- 
delinus c, about 50 miles in diameter, a formation resembling 
Langrenus in miniature. This is hexagonal in shape, and has 
many rings and depressions on its W. wall. South of Vendelinus 0, 
the wall of Yendelinus runs up in a bold curve to the fine terraced 
ring-plain Vendelinus B, and is surmounted by a bright serpen- 
tine crest, and traversed by several valleys running down the 
slope to the floor. B has a small crater on its N. wall, and 
another in the interior. There is a wide gap in the S. border of 
Vendelinus, which is partially occupied by another somewhat 
smaller ring-plain, bounded by a southerly extension of the B. 
wall, which includes on its outer slope many craters and other 
depressions, and abuts near its N. end on the large ring-plain 
Vendelinus a, which has a prominently terraced wall and a large 
bright central mountain. Between A and 0 extends a plateau that 
may be regarded as the N. limit of the formation, including, among 
other minor details, a fine cleft, which traverses it from N. to S., 
and ultimately extends to a group of craters on the floor. On the 
S. side of the interior is one large ring-plain, flanked on the W. by 
two small craters. Near the N. end are many bright little craters, 
many of them unrecorded. Vendelinus 0 is bordered on the B. by 
two large semicircular formations with low walls extending on to 
the floor. Mr. W. H. Maw and others have detected many minute 
depressions in connection with these curious objects ; and N. of 
them, on the outer slope of 0, where it runs out to the level of the 
plateau, I have seen the surface at sunset riddled like a sieve with 
craterlets and little pits. There is an irregular ring-plain N. of A, 
with linear walls, and another, much smaller and brighter, on the 
N. of this, standing a little beyond the N. limits of Langrenus. 

La Peyeoijse. — A much foreshortened walled-plain, 41 miles 

^ Flattenings on the Moon’s Western Limb.— About thirty years ngo, the Rev. 
Henry Cooper Key drew attention to certain flattenings which he had noted on the 
W. limb, which are very apparent under favourable conditions of libration. Their 
position cannot be closely defined, but the principal deviation from circularity extends 
from about S. lat. io° to the region on the limb opposite the S. border of the Mare 
Crisium. 
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iu diameter, close to the limh, S.W. of Langrenus. There is a 
loiigitiidhial ridge on the floor. Between it and Langrenus are 
two large ring-plains with central mountains, and on the N.E., 
La Peyrouse a, a bright crater, adjoining which is La Peyrouse A, 
one of the most brilliant spots on the moon. 

Ansgauius. — A ring-plain, 50 miles in diameter, still nearer 
to the limb than the last. 

Beuaim. — A great ring-plain, 65 miles in diameter, S. of 
Ansgarius, and connected with it by ridges. It has lofty walls 
and a central mountain. 

IInCATAiUS. — An immense walled-plain, .115 miles in length, 
on the B.W. of Vendelinus, with a very irregular rampart and a 
conspicuous central mountain. It is flanked E. and W. by other 
large enclosures, which can only be seen to advantage when libra- 
tion is favourable. 

W. Humholdt. — Though close to the limb, this enormous wall- 
surrounded plain, some 1 30 miles in extreme length, and estimated 
to have an area of 12,000 square miles, is well worth observing 
under suitable conditions. It ranks among the largest formations 
of its class, and in many respects resembles Bailly on the S.E. 
limb. At one point on the E. a peak rises to 16,000 feet, and on 
the opposite side there are peaks nearly as high. The floor con- 
tains some detail — a crater, nearly central, associated with ridges, 
and two dark spots, one at the S. and the other at the N. end. 

PlllELU’s. — Abuts on the E. side of W. Humboldt. It is a 
walled-plain, about 80 miles in length, with a border much broken 
on the E., and terraced within on the opposite side. There are 
many hills and ridges on the floor. 

IjEOENDUH. — A fine ring-plain, 46 miles in diameter, on the 
B.E. of the last. According to Schmidt, there is a crater on the 
B. side of the floor. There is a small ring-plain, Adams, on the S. 

Pktavius. — The third member of the great meridional chain; 
a noble walled-plain, with a complex rampart, extending nearly 
100 miles from N. to S., which encloses a very rugged convex 
floor, traversed by many shallow valleys, and includes a massive 
central mountain and one of the most remarkable clefts on the 
visible surface. To observe these features to the best advantage, 
the formation should be viewed when its W. wall is on the even- 
ing terminator. At this phase a considerable portion of the 
interior on the N. is obscured by the shadow of the rampart, but 
the princijnal features on the S. half of the floor, and on the broad 
gentiy-shelvhig slope of the W. wall, are seen better than under 


THE MOON 


I 20 


any other conditions. The border is loftiest on the E., where the 
ring-plain Wrottesley abuts on it. It rises at this point to nearly 
11,000 feet, while on the opposite side it nowhere greatly exceeds 
6000 feet above the interioi*. The terraces, however, on the W. ai’e 
ranch more numerous, and, with the associated valleys, render this 
section of the wall one of the most striking objects of its class. 
The N. border is conspicuously broken by the many valleys from 
the region S. of Vendelinus, which run up to and traverse it. On 
the S., also, it is intersected by gaps, and in one place interrupted 
by a large crater. There is a remarkable bifurcation of the border 
S. of Wrottesley. A lower section separates from the main rampart 
and, extending to a considerable distance S.E. of it, encloses a wide 
and comparatively level area which is crossed by two short clefts. 
The central mountains of Petavius, rising at one peak to a height 
of nearly 6000 feet above the floor, form a noble group, exceeding 
in height those in Gassendi by more than 2000 feet. The con- 
vexity of the interior is such that the centre of it is about 800 feet 
higher than the margin, under the walls; a protuberance which 
would, nevertheless, be scarcely remarked in siho, as it represents 
no steeper gradient than about i in 300 on any portion of its super- 
ficies. The great cleft, extending from the central mountains to the 
S.E. wall, and perhaps beyond, was discovered by Schrbter on Sep- 
tember 16, 1788, and can be seen in a 2-inch achromatic. In larger 
instruments it is found to be in places bordered by raised banks. 

Wrottesley. — A formation, about 25 miles in diameter, closely 
associated with the B. wall of Petavius, the shape of which it has 
clearly modified. Its border on the E., of the linear type, rises 
nearly 9000 feet above a light interior, where there is a small 
bright central mountain and some mounds. There is a prominent 
valley running along the inner slope of the W. wall. 

Palitesoh. — ^If this extraordinary formation is observed when 
the moon is about three days old, it resembles a great trough, or 
deep elongated gorge flanking the W. wall of Petavius, though 
it is a true ring-plain, albeit of a very abnormal type, about 60 
miles in length and 20 miles in breadth, with a somewhat dusky 
interior. On the outer slope of its W. wall is a bright ring-plain 
with a lofty border and a central mountain. 

Hase. — An irregular formation, about 50 miles in diameter, on 
the S.W. of Petavius, with which it is connected by extensions of 
the W. and E. walls of the latter. Its rampart, some 7000 feet 
above the floor, is broken by depressions on the W. ; and on 
the S. is bounded by a smaller ring-plain with still loftier walls. 
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Sclimidt shows a large crater and three smaller ones on the W. 
side of the floor. 

Maxunus. — A ring-plain on the N.E. side of the Mare Aiistrale, 
between Purnerins and the limb, 

PUKNEKIUS, — The fourth and most southerly component of the 
great meridional chain of walled-plains, commencing on the N. 
with Langrexins : a fine but irregular enclosure, about 80 miles in 
extreme length and much more in breadth. Its rampart is very 
lofty, and tolerably continuous on the N. and W., but on the 
other sides is interrupted by small craters and depressions. At 
peaks on the E. it attains a height of more than 1 1 ,00 feet above 
the interior, and there are other peaks rising nearly as high. 
''Phere is a ring-plain (Purnerins b) with a central hill, on the 
E. side of the floor, and numerous craters and crater-pits in other 
parts of it. On the N.W. side of b there is a short cleft, on 
the W., a well-marked crater-i'ow, and on the E. a long rill-valley. 
The very brilliant crater (Purnerins a) on the N.E. glacis is the 
origin of two fine light streaks, one extending S. for more than 100 
miles, and the other in the opposite direction for a great distance. 

Praunhofee, — A ring-plain, S. of Purnerins, about 30 miles 
in diameter, with a regular border rising about 5000 feet above the 
floor. A smaller ring-plain abuts on the Is.E. side of it, which 
has slightly disturbed its wall. 

Oken. — A large enclosure in S. lat. 43‘' ‘with broken irregular 
walls. It is too near the limb for observation. 

Ve(ja. — S chmidt represents this peculiar formation, situated 
•S.B. of Oken, as having a regular curved unbroken rampart on the 
E., while the opposite border is occupied by four large partially 
overla]>ping ring-plains, two of which contain small craters. The 
floor is devoid of detail. 

P0NT^1C()UI..ANT. — A great irregular walled plain, about 100 
miles in length, near the S.W. limb, with a border rising in places 
to a height of 6000 feet above the floor. 

Haxno. — A smaller and more regular enclosure, adjoining 
Ikmtdconlant on the N.W., and still nearer the limb. 


W:EST longitude 6o° to 40^ 

Messier. — The more westerly of a remarkable pair of bright 
craters, about 9 miles in diameter, standing in an isolated position 
in the Mare Pcecunditatis just S. of the Equator. Madler repre- 
sents them as similar in every respect, but Webb, observing them 
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in 1855 1^5^ with a 3 iV achromatic, found them very distinctly 

different, — Messier, the more westerly, being not only clearly 
smaller than its companion, but longer from W. to B. than from 
N. to S., as it undoubtedly is at the present time. Messier A, 
however, as the companion is termed, though larger, is certainly 
not circular, as sometimes shown, but triangular with curved sides. 
It is just possible that change may have occurred here, for MMler 
carefully observed these objects more than three hundred times, 
and, it may be presumed, under very different phases. Messier A 
is the origin of two slightly divergent light streaks, resembling 
a comet’s tail, which extend over the Mare towards its E. border 
N. of Lubbock, and are crossed obliquely by a narrower streak. 
Messier and Messier a stand near the S. and narrowest end of a 
tapering curved light area. There is a number of craterlets and 
minute pits in the neighbourhood, and under a high light two 
round dusky spots are traceable in connection with the comet ” 
marking, one just beyond its northern, and the other beyond its 
southern border, near its E. extremity. 

Lubbock. — A brilliant little crater, about 4 or 5 miles in dia- 
meter, near the E. coast-line of the Mare Foecunditatis. The 
region E. of this object is particularly well worthy of scrutiny 
under a low sun, on account of the variety of detail it includes. 
On the S.B. run three fine parallel clefts, originating near the N. 
end of the Pyrenees. 

Guttembekg. — A very fine ring-plain of peculiar shape, about 
45 miles in width, with a lofty wall, broken on the N.W. by 
another ring-plain some 14 miles in diameter, and on the S.E. by 
a small but distinct crater. The border presents a wide opening 
towards the S., which is traversed by a number of longitudinal 
valleys, both the B. and W. sections of the wall being prolonged 
in this direction. A fine crater-row runs round the outer slope 
of the E. wall, from the crater just mentioned to the N. side of 
the formation. It is best seen when the W. wall is on the even- 
ing terminator. There is also a broad valley on the S. prolonga- 
tion of the W. wall. The central mountain is bright but not 
large. A cleft crosses the N.W. side of the floor. North of 
Guttemberg there is a curious oblong formation with low walls, 
connected with the N.E. border by a ridge, and with the N. border 
by a remarkable row of depressions, situated on a mound ; and 
beyond this object on the E. are three |)arallel clefts running 
towards the N.E. On the W. will be found some of the clefts 
belonging to the Goclenius rill-system. In the rugged region S.E. 
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of the formation is a peculiar low ring with a very uneven floor 
and a large central hill. The E. wall of Guttemberg may be 
regarded as forming a portion of the Pyrenees Mountains. 

Goclenius. — A ring-plain, about 28 miles in diameter, bearing 
much resemblance to Plinius in form and size, and, like this 
foi’mation, associated with a fine system of clefts. The lofty 
rampart, tolerably continuous on the W., is broken on the S.W. 
by a bright crater, and on the N.W. by a remarkable triangular 
depression. It is also traversed by a delicate valley extending from 
the crater on the S.W. to another on the N.W. border; and at 
a point a little W. of the first crater is dislocated by an intrusive 
mass of rock. There are several gaps on the B. and many 
spurs and irregularities in outline both within and without. A 
great portion of the N. wall is linear, and joins the B. section 
nearly at right angles. West of the triangular depression it 
appears to be partially wrecked, indications of the destruction 
being very evident if it be observed when the E. wall is near the 
morning terminator. The small bright central mountain is re- 
markable for its curious oblong shadow. Two clefts traverse 
the interior of Goclenius. (i) Originates at the S. wall, E. of 
the crater, and runs E. of the central mountain to the N. wall ; 
(2) crosses the d^hris of the ruined N.W. border, runs parallel to 
the first, and extends nearly to the centre of the floor, (i) Ee- 
appears at the foot of a mound outside the N. wall, and, after 
crossing the outer W. slope of the great ring-plain on the N.W. 
wall of Guttemberg, runs to the W. side of an oblong formation 
N. of it. There are two other clefts, closely parallel and W. of 
this, traversing the Mare, and terminating among the mountains 
on the N.W. These are crossed at right angles by what appears 
to be a “ fault,’’ running in a N.W. direction from the W. side 
of Guttemberg. 

MacOlure. — One of a curious group of formations situated 
in the Mare Ececunditatis some distance S.W. of Goclenius. It 
is a bright ring-plain, about 1 5 miles in diameter, with a narrow 
gap in the N.B. wall and a small central hill. A prominent ridge 
runs up to the N. border ; and on the S.W. a rill-valley may be 
traced, extending S. to a bright deep little crater W. of Cook. 

Orozier. — A conspicuous ring-plain a few miles N.N.W. of 
MacOlure, and of about the same size. It has a faint central 
hill. Neison refers to two long straight streaks extending from 
Orozier towards Messier. 

Bellot.— A brilliant little ring-plain N.E. of Orozier. 
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Cook. — A ring-jDlain, about 25 miles in diameter, on the E. 
side of the Mare Ececunditatis in S. lat. 17°, with low and (except 
on the S.E.) very narrow walls. There is a small circular depres- 
sion on the S. border, and a prominent ci'ater on the W. side of 
the dark interior. On the S.S.B. is the curiously shaped enclosure 
Cook d, with very bright broad lofty walls and a fine central 
mountain. On the plain W. of Cook is a consjDicuous crater- 
row, consisting of six or seven craters, diminishing in size in both 
directions from the centre. 


Colombo. — A fine ring-plain, about 50 miles in diameter, 
situated in the highlands separating the Mare Eoecunditatis and 
the Mare Nectaris. The wall, rising at one place to a height of 
8000 feet above the floor, is very complicated and irregular, being 
traversed within by many terraces, and almost everywhere by 
■cross-valleys. Its shape is greatly distorted by the lai'ge ring- 
plain a, which abuts on its N.E. flank. It loses its individuality 
altogether on the S., its place being occupied by two larg*e de- 
pressions, and lofty mountains trending towards the S-Jil- In the 
centre there are several distinct bright elevations. 

;^GELHAENS. — The more northerly and the larger of a pair 
of ling-plains between Colombo and Goclenius, with a bright and 
somewhat irregular though continuous border. The dark interior 
includes a small central mountain. Its companion on the S.W., 
Magelhaens a, slightly overlaps it. This also has a central hill, 
and a crater on the outer slope of its E. wall. 


Santbech.^ a very prominent ring-plain, 46 miles in diameter, 
on the S.E. side of the Mare Eoecunditatis, W. of Eracastorius. 
The continuity of its fine lofty rampart is broken on the W., 
where it rises nearly 10,000 feet above the floor, by a brilliant 
httle crater just below the crest, and by a narrow gap on the S. 
The wall on the E. towers to a height of 15,000 feet above the 
interior. On its broad outer slope, near the summit, there is 
a fine crater, and S. of this running obliquely down the slope a 
^stmct valley. On the N.E., where the glacis runs down to the 
level of the surrounding plain, there is a large crateriform object 
with a broken N. border, and a small crater opposite the opening. 
A long coarse valley runs from this latter object in a N.E. 

direction to the region W. of Bohnenberger. Santbecb contains 
a promment central peak. 


Biot.^ a brilbant bttle ring-plain, scarcely more than 

^®°l^ted position in the 
Mare Foecnnditatis KE. of Wrottesley. There is a number of 
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bright streaks in its neighbourhood; and a few miles E. of it, 
in the hilly region W. of Santbech, another conspicuous crater 
of about the same size. 

Borda. — A ring-plain about 25 miles in diameter, S.S.W. of 
Santbech, with a rampart low on the N. and S., but elsewhere of 
considerable height, and a very conspicuous central mountain. 
A wide deep valley flanked by lofty mountains extends from 
the N. wall for many miles towards the N.W. It is an especially 
noteworthy object when the W. wall of Santbech is on the 
evening terminator, as its somewhat winding course, indicated 
by the bright summit-ridges of the bordering mountains, can be 
followed some hours before either the interior of the valley or the 
region between it and Santbech are in sunlight. Among the moun- 
tains W. of Borda there is a peak more than 1 1,000 feet in height. 

Snellius. — A very fine ring-plain, 50 miles in diameter, S.E. 
of Petavius, with terraced walls, ponsiderably broken on the S.E. 
by craters, &c. It rises on the E. nearly 7000 feet above a dark 
floor, which contains a central mountain. N.E. of Snellius is a 
■smaller ring-plain (Snellius a), and due E. a curious rough plateau; 
bordered on the N. and S. by a number of small craters. 

Stevinus. — A somewhat larger ring-plain, S. of Snellius, with 
a border rising on the S. to more than 11,000 feet above a dark 
interior, which inchxdes a bright central mountain. 

Eeioiiexbacii. — A very abnormally-shaped ring-plain, about 
30 miles in diameter, with a rampart nearly 12,000 feet high. 
The border is broken on the W,, S., and E. by craters and depres- 
sions, and on the N. is flanked by two overlapping ring-plains, 
<a and 5 . On the S.W. lies a magnificent serpentine valley, fully 
TOO miles in length and about 12 miles in breadth at the N. end, 
but gradually diminishing as it runs southwards, till it reaches a 
depression N. of Eheita, where it terminates : here is scarcely more 
than 4 miles wide. 

Eheita. — A formation, about 35 miles in diameter, S. of 
Eeichenbach, with regular lofty walls, rising at a peak on the 
N.E. to a height of more than 14,000 feet above the interior, 
on which there is a small but prominent central mountain, a 
smaller elevation W. of the centre, and two adjoining craters 
at the foot of the S. wall. On the E. originates another fine 
valley, very similar to that already mentioned in connection with 
Eeichenbach. It runs in a S.S.W. direction, is about 100 miles 
in length, and, in its widest part, is about 12 miles across. Like 
the Eeichenbach valley, it terminates at a small crater-like object, 
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which has a border broken down on the side facing the valley, 
and a small central hill. About midway between its extremities, 
this great gorge is crossed by a wall of rock, like a narrow bridge. 

Janssen. — An immense irregular enclosure, reminding one of 
the very similar area, bordered by Walter, Lexell, Hell, &c., in 
the third quadrant. It extends about 150 miles from E. to W., 
and more than 100 from N. to S., its limits on the N. being 
rather indefinite. Its very rugged humpy surface includes one 
great central mountain, and innumerable minor hills and ridges, 
craters, and crater-pits ; but the principal feature is the magnificent 
curved rill-valley running from the S. side of Fabricius across 
the rough expanse to the S. side. This fine object, very coai’se 
on the IsT., passes the central mountain on the E. side, and becomes 
gradually narrower as it approaches the border ; before reaching 
which, another finer cleft branches from it on the W., and also 
runs to the S. side of the plain. 

Lookybe. — A prominent deep ring-plain, 32 miles in diame- 
ter, with massive bright lofty walls, standing just outside the S.E. 
border of Janssen. Schmidt shows a minute crater on the S. rim. 
I have seen a crater within, at the inner foot of the W. wall, and 
a central peak. 

Fabricius. — A ring-plain, 55 miles in diameter, with a lofty 
terraced border, rising on the S.W. to a height of nearly 10,000 
feet above the interior. It is partially included by the rampart of 
J anssen, and the great rill-valley on the floor of the latter appears 
to cut through its S. wall. There is a long central mountain on 
the floor, with a prominent ridge extending along the E. side of 
it. W. of Fabricius (between it and the border of Janssen) lies 
a very irregular enclosure, with three distinct craters within it ; 
and on the E., running from the wall to the E. side of Janssen, is 
a straight narrow valley. Both Fabricius and Janssen should be 
viewed under a low morning sun. 

Steinheil. — A double ring-plain, W. of Janssen, 27 miles in 
diameter. The more easterly formation sinks to a depth of nearly 
12,000 feet below the summit of the border. 

. Metius. — This ring-plain, of about the same size as Fabricius, 
but with a still loftier barrier, abuts on the N. wall of this forma- 
tion, and has caused a very obvious deformation in its contour. 
It is lorominently terraced internally, and on the W. the wall 
rises at one peak to a height of 13,000 feet above the floor, which 
contains a deep crater on the W. of the centre, and many ridges. 

Biela. — A considerable ring-plain, about 55 miles in diameter. 
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S.W. of Janssen, with, a wall broken on the N.W., S., and E. by 
rings and large enclosures. There is a central mountain, but 
apparently no other details on the floor. 

Rosenbergeb. — This formation, about 50 miles in diameter, is 
one of the remarkable group of large rings to which Vlacq, 
Hommel, Pitiscus, &c., belong. Its walls, though of only 
moderate altitude, are distinctly terraced. In addition to a pro- 
minent central mountain (E. of which Schmidt shows two craters), 
there is a large crater on the S. side of the floor, and many 
smaller craters and crater-pits. 

Hageoius. — The most westerly member of the Vlacq group of 
formations. It is situated on the S.W. of Rosenberger, and is 
about 50 miles in diameter. The rampart on the E. is continuous 
and of the normal tyj)e, but on the opposite side is broken 
by a number of smaller rings. 


WEST LONariTJUl^ 40“ TO 20“. 

Censorinus. — A brilliant little crater, with very bright sur- 
I'oundings, in the Mare Traurpiilitatis, nearly on the moon’s 
equator, in W. long. 32“ 22'. Another smaller but less conspicu- 
ous crater adjoins it on the W. On the Mare to the H. extends a 
delicate cleft which trends towards the Sabine and Ritter rill 
system. 

Oapella. — Forms with Isodorus, its companion on the E. 
(which it partially overlaps), a very noteworthy object. It is 
about 30 miles in diameter, with finely terraced walls, broken on 
the S.W. by broad intrusive rill-valleys. The rampart on the IST-E. 
is also cut through by a magnificent valley, which extends for 
many miles beyond the limits of the formation. There is a fine 
central mountain, on which M. (Jaudibert discovered a crater, the 
existence of which has been subseciuently verified by Ihofessor 
Weinek on a Lick observatory negative. 

Isodorus. — The ramx)art of this fine ring-plain, which is of 
about the same sme as Capella, rises at a peak on. the W. to a 
height of more than 13,000 feet above the interior, which, except 
a small blight crater at the foot of the E. wall and a smaller one 
adjoining it on the N., contains no detail. The region between 
Isodorus and the equator includes many interesting objects, among 
them Isodorus an iiTegular formation opeyn towards the N., and 
containing several craters. 
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Bohnenberger. — A ring-plain about 22 miles in diameter, 
situated on the W. side o£ the Mare ISTectaris, under the precipitous 
flanks of the Pyrenees, whose prominent shadows partially conceal 
it for many hours after sunrise. The circular border is compara- 
tively low, and, except on the N., continuous. Here there is a 
gap, and on the W. of it an intrusive mass of rock. From its 
very peculiar shadow at sunrise, the wall on the E. appears to be 
very irregular. The club-shaped central mountain is of consider- 
able size, but not conspicuous. S. of Bohnenberger stands the 
very attenuated ring, Bohnenberger A. It is of about the same 
diameter, has a large deep crater on its FT. rim, and a smaller 
one, distinguished with difiSculty, on its S.E. rim. On the N. of 
Bohnenberger there is a bright little ring-plain connected with 
the formation by a lofty ridge, under the E. flank of which Schmidt 
shows a crater-chain. An especially fine cleft originates on the B. 
side of this crater, which, following an undulating course over the 
Mare Nectaris, terminates at Eosse, N. of Fracastorius. 

Torricelli. — A remarkable little formation in the Mare Tran- 
quilitatis, IST. of Theophiliis, consisting of two unequal contiguous 
craters ranging from W. to E., whose partition wall has nearly 
disappeared, so that, under a low sun, when the interior of both is 
filled with shadow, the pair resemble the head of a javelin. The 
larger, western, ring is about 10 miles in diameter, and the other 
about half this size. There is a gap in the W. wall of the first, 
and a long spur projecting from its S. side ; and a minute crater on 
the S. border of the smaller object. Torricelli is partially enclosed 
on the S. by a circular arrangement of ridges. There is a delicate 
cleft running in a meridional direction on the Mare, B. of the for- 
mation, and another on the H., running from W. to E. 

Hypatia. — A ring-plain, about 30 miles in extreme length, of 
very abnormal shape, on the E. side of the Mare, N.H.E. of Theo- 
philus, with a wall rising at a peak on the B. to a height of more 
than 7000 feet above a dusky floor, which does not apparently 
contain any detail. A small crater breaks the uniformity of the 
border on the W. Beyond the wall on the S.E. lies the fine 
bright crater Hypatia a, with another less prominent adjoining 
it on the S.W. 

Theophiltjs. — The most northerly of three of the noblest 
ring-mountains on the visible surface of the moon, situated on 
the N.E. side of the Mare Nectaris. It is nearly 64 miles in 
diameter, and is enclosed by a mighty rampart towering above 
the floor at one peak on the W. to the height of 18,000 feet, 
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and at two other peaks on the opposite side to nearly i6,00O' 
and 14,000. The border, though appearing nearly circular with 
low powers, is seen, under greater magnification, to be made up 
of several more or less linear sections, which give it a polygonal 
outline. It is prominently terraced within, the loftier terraces 
on the W. rising nearly to the height of the crest of the wall, 
and including several craters and elongated depressions. On the 
W. glacis is a row of large inosculating craters ; and near its foot, 
S.E. of MMler, a short unrecorded rill-valley. The magnificent 
bright central mountain is composed of many distinct masses 
surmounted by lofty peaks, one of which is about 6000 feet above 
the floor, and covers an area of at least 300 square miles. Except 
a distinct crater on the S.W. quarter, this appears to be the only 
object within the ring. 

Cyiullus. — The massive border of Theophilus partially over- 
laps the N.W. side of this great walled-plain, which is even more 
complex than that of its neighbour, and far more irregular in 
form, exhibiting many linear sections. Its crest on the S.E. is 
clearly inflected towards the interior, a peculiarity that has already 
been noticed in connection with Copernicus and some other objects. 
On the inner slope of this wall there is a large bright crater, in 
connection with which have been detected two delicate rills ex- 
tending to the summit. I have not seen these, but one of the 
crater-rows shown by Schmidt, between this crater and the crest, 
has often been noted. The N.E. wall is very remarkable. It 
appears to be partially wrecked. If observed at an early stage of 
sunrise, a great number of undulating ridges and rows of hillocks 
will be seen crossing the region E. of Theophilus. They resemble 
a consolidated stream of ‘‘ropy’' lava which has flowed through 
and over the wall and down the glacis- The arrangement of the 
ridges within Oyrillus is very noteworthy, as is also the triple 
mountain near the centre of the floor. The fine curved cleft 
thereon traverses the W. side, sweeping round the central moun- 
tains, and then turning to the south. I have only occasionally 
seen it in its entirety. There are also two oblong dark patches 
on the S. side of the interior. The S. wall of Oyrillus is broken 
by a narrow pass opening out into a valley situated on the plateau 
which bounds the W. side of the oblong formation lying between 
it and Oatherina, and overlooking a curious shallow square-shaped 
enclosure abutting on the S.W. side of Oyrillus. 

Oatherina. — The largest of the three great formations: a 
ring-plain with a very irregular outline, extending more than 70 
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miles in a meridional direction, and of still greater width. The 
wall is comparatively narrow and low on the N.E. (8000 feet 
above the floor), but on the N.W. it rises to more than double 
this height, and is broken by some large depressions. The inner 
slope on the S.E. is very gentle, and includes two blight craters, 
but exhibits only slight indications of terraces. The most re- 
markable features on an otherwise even interior are the large 
low narrow ring (with a crater within it), occupying fully a third 
of the area of the floor, and a large ring-plain on the S. side. 

Madler. — The interest attaching to this formation is not to 
be measured by its size, for it is only about 20 miles in diameter, 
but by the remarkable character of its surroundings. Its bright 
regular wall, rising 6000 feet on the E. and only about half as 
much on the W., above a rather dark interior, is everywhere 
continuous, except at one place on the N. Here there is a narrow 
gap (flanked on the E. by a somewhat obscure little crater) 
through which a curious bent ridge coming up from the N. 
passes, and, extending on to the floor, expands into something 
resembling a central mountain. Under a high sun Madler has 
a very peculiar appearance. The lofty E. wall is barely per- 
ceptible, while the much lower W. border is conspicuously bril- 
liant ; and the E. half of the floor is dark, while the remainder, 
with two objects representing the loftier portions of the intrusive 
ridge, is prominently white. Under an evening sun, with the 
terminator lying some distance to the W., a very remarkable 
obscure ring with a low border, a valley running round it on the 
W. side, and two large central mounds, may be easily traced. 
This object is connected with Madler by what appears to be 
under a higher sun a bright elbow-shaped marking, in connection 
with which I have often suspected a delicate cleft. Between the 
obtuse-angled bend of this object and the W. wall of Madler, 
two large circular dark spots may be seen under a high sun ; and 
on the surface of the Mare N. of it, a great number of delicate 
white sj)ots. 

Beaumont. — A ring-plain about 30 miles in diameter, on the 
S.B. side of the Mare Nectaris, midway between Theophilus and 
Fracastorius, with the H.E. side of which it is connected by a chain 
of large depressions. Its border is lofty, regular, and continuous 
on the S. and E., but on the W. it is low, and on the IST. sinks to 
such a very inconsiderable height that it is often scarcely traceable. 
It exhibits two breaks on the S.W., through one of which passes 
a coarse valley that ultimately runs on the B. side of the depres- 
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sions just referred to. The inteiior is pitted with many craters, 
one on the W. side being shallow but of considerable size. I 
once counted twenty with a 4-inch Cooke achromatic, and Dr. 
Sheldon of Macclesfield subsequently noted many more. A 
lidge, prominent under oblique light, follows a winding course 
from the N.W. side of Beaumont to the W. side of Theo- 
philus, and there is another lower ridge E. of it. Between 
them is included a region covered with minute hillocks and 
aspeiities. Among these objects are certain dusky little crater- 
cones, which Dr. Klein of Cologne regards as true analogues of 
some terrestrial volcanoes. They are very similar in character 
to those, already alluded to, in the dusky area between Cox^er- 
nicus and Gambart. 

Kant. — A consxDicuous ring-xDlain, 23 miles in diameter, situ- 
ated in a mountainous district B. of Theox^hilus, with lofty terraced 
walls and a bright central peak. Adjoining it on the W. is a 
mountain mass, x^Tojecting from the coast-line of the Mare, on 
which there is a "pesk rising to more than 14,000 feet above the 
surface. 

Pkacastouius. — This great bay or inflexion at the extreme 
K. end of the Mare Nectaris, about 60 miles in diameter, is one of 
the largest and most suggestive examx3les of a partially destroyed 
formation to be found on the visible surface. The W. section of 
the rampart is practically complete and unbroken, rising at one 
peak to a heiglit of 6000 feet above the interior. It is very broad 
at its 8. end, and its inner slope descends with a gentle gradient 
to the floor. Towards the N., however, it rapidly decreases in 
width, but ax)X'>^’^'^'Rfly ^^^t in altitude, till near its bright x^ointed 
N. extremity. Under a low sun, some long deformed crateriform 
depressions may be seen on the slope, and a bright little crater on 
the crest of the border near its N. end. The southern rampart 
is broken by tliree lai'ge craters, and a fine valley, running some 
distance in a S. direction, which diminishes gradually in width till 
it ultimately resembles a cleft, and terminates at a small crater. 
The li border is very lofty and irregular, rising at the N. corner 
of the large triangular formation, which is such a 
feature upon it, to a height of 7000 feet, and at a point on the 
K.li to considerably more than 8000 feet above the floor. K. of 
the former becomes much lower and narrower, and is 

finally only represented by a very attenuated strip of wall, 
hardly more prominent than the brighter portions of the border 
of Rtadius at sunrise, terminating at an obscure semi-ring- 
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plain. Between this and the pointed N. termination of the W, 
border there is a wide gap, open to the north for a space of about 
30 miles, appearing, except under very oblique illumination, as 
smooth and as devoid of detail as the grey surface of the Mare 
IsTectaris itself. If, however, this interval is observed at sunrise 
or sunset, it is seen to be not quite so structureless as it appears 
under different conditions, for a number of mounds and large 
humpy swellings, with low hills and craterlets, extend across it, 
and occupy a position which we are justified in regarding as the 
site of a section of the rampart, which, from some cause or other, 
has been completely destroyed and overlaid with the material, 
whatever this may be, of the Mare Nectaris. The floor of Fracas- 
torius is, as regards the light streaks and other features upon it, 
only second in interest to those of Plato and Archimedes, and will 
repay systematic observation. Between thirty and forty light 
spots and craters have been recorded on its surface, most of them, 
as in these formations, being situated either on or at the edges- 
of the light streaks. On the higher portion of the interior (near 
the centre) is a curious object consisting apparently of four light 
spots, arranged in a square, with a craterlet in the middle, all of 
which undergo (as I have pointed out elsewhere) notable changes 
of aspect under different phases. There are at least two distinct 
clefts on the floor, one running from the W. wall towards the 
centre, and another on the S.E. side of the interior. The last 
throws out two branches towards the S.W. 

Rosse. — A fine bright deep crater in the Mare Nectaris, N. of 
the pointed termination of the W. wall of Fracastorius, with 
which it is connected by a bold curved ridge, with a crater upon 
it. A ray from Tycho, striking along the E. wall of Fracastorius 
passes near this object. A rill from near Bohnenberger termi- 
nates at this crater. 

Polybius. — A ring-plain, about 17 miles in diameter, in the 
hilly region S.E. of Fracastorius. The border is unbroken, except 
on the N., where it is interrupted by a group of depressions- 
There is a long valley on the S.W., at the bottom of which 
Schmidt shows a crater-chain. 

Neander, — This ring-plain, 34 miles in diameter, a short 
distance W. S.W. of Piccolomini, has a somewhat deformed ram- 
part, which, however, except on the N*., where there is a narrow 
gap occupied by a small crater, is continuous. It rises on the E. 
nearly 8000 feet above the floor, on which there is a central 
mountain about 2500 feet high. Schmidt shows some minor hills. 
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, large crater on the N.E. side, and three smaller craters in the 
nterior 

PiGCOLOMiNl. — A ring-plain of a very massive type, about 
17 miles m diameter, S of Pracastorms, with complex and pro- 
ninently terraced walls, surmounted by very many peaks , one of 
vhich on the E. attains a height of 14,000 feet, and another, N 
)f it, on the same side, an altitude of 15,000 feet above the 
nterior The crest of this grand rampart is tolerably continuous, 
except on the S W , where, for a distance of twenty miles or more, 
ts character as regards form and brightness is entirely changed 
Under a low sun, instead of a continuous bright border, we note a 
vide gap occupied by a dusky rugged plateau, which falls with a 
gentle gradient to the floor, and is traversed by three or four 
parallel shallow valleys running towards the S. I can recall no 
Lunar formation which presents an appearance at all like this: 
one is impressed with the idea that it has resulted from the col- 
lapse of the upper j)ortion of the wall, and the flow of some viscous 
material over the wreck and down the inner slope. The differ- 
ence between the reflective power of this matter, whatever may 
be its nature, and the broad bright declivities of the inner slopes, 
are beautifully displayed at sunset The cross-valleys are more 
easily traced under low morning illumination ; but to appreciate 
the actual structure of the wall, it should be observed under both 
phases, fl'he N.W section of the border includes many ‘"pockets,” 
or long elliptical depressions, which at an early stage of sunrise 
give a scalloped appearance to the crest Except the great bright 
central mountain with its numerous peaks, there does not appear 
to bo any prominent detail on the floor. There is a large ring- 
plain beyond the foot of the glctas on the W. with two craters 
on the E. side of it, another on the S., and a line 1 ill-valley 
running up to its N side from near the crest of the W. wall. 
On the N. side of Piccolomini is a remarkable group of deformed 
and overlapping enclosures, mingled with numberless craters and 
little depressions. The jAain on the N B is crossed by a fine 
cleft 

j^ONS.— A complete formation of irregular shape, about 20 
miles in greatest diameter, on the S E side of the Altai range, in 
W, long. 2 i\ It consists of a crowd of rings and craters en- 
closed by a narrow wall. 

Stibouius. — An elongated ring-plain, about 22 miles in dia- 
meter, S. of Piccolomini, with a lofty wall, broken in one place 
on the N by a very conspicuous crater Schmidt shows a distinct 
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crater in tlie centre of tlie floor. I have only seen a central moun- 
tain in this position. There is a large crater on the N.W., a 
ring-plain on the S.W. side, and a multitude of little craters on 
the surrounding plain. 

Eicoius. — A ring-plain, 5 1 miles in diameter, of a very irre- 
gular type, S.B, of the last. It is enclosed by a complex wall 
(which is in -places double), broken by large rings on the S. The 
very conspicuous little ring-plain Riccius A is situated on the 
N. of it, and other less prominent features. The interior includes 
a bright crater and some smaller objects of the same class. 

Zagut. — The most easterly of a group of closely associated 
irregular walled-plains, of which Lindenau and Rabbi Levi are 
the other members, all evidently deformed and modified in shape 
by their pi'oximity. It is about 45 miles in diameter, and is 
enclosed by a wall which on the S.W. attains a height of about 
9500 feet, and is much broken on the N. by a number of 
depressions. A large ring-plain, some 20 miles in diameter, 
occupies a considerable portion of the W. side of the interior ; 
E. of which, and nearly central, there is a large bright crater, 
but apparently no other conspicuous details. On the S.E. side 
of Zagut lies, an elliptical ring-plain, about 28 miles in diameter, 
named by Schmidt Celsius. The border of this is open on the N., 
the gap being occupied by a large crater, whose S. wall is wanting, 
so that the interiors of both formations are in communication. 

Lindenau. — This formation, about 35 miles in diameter, is 
bounded on the W. by a regular unbroken wall nearly 8600 
feet in height ; but which on the E. and N.E. is far loftier and 
more complex, rising to about 12,000 feet above the floor, con- 
sisting of four or more distinct ramparts, separated by deep 
valleys, and extending towards Rabbi Levi. Neison points out 
that under a high light Lindenau appears to have a bright uniform 
single wall. There is a small central mountain and some minor 
inequalities in the interior. 

Rabbi Levi. — A larger but less obvious formation than either 
of its neighbours, Zagut and Lindenau, abutting on the S. side 
of them. It is about 55 miles in diameter, and is enclosed by 
a border somewhat difficult to trace in its entirety, except under 
oblique light. There are some large craters within it, of which 
one on the N. side of the floor is especially prominent. 

Nigolai. — A tolerably regular ring-plain, 18 miles in dia- 
meter, S. of Riccius, with a border, rising more than 6000 feet 
above a level floor, on the N. side of which Schmidt shows a 
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niinxit© crater. The bright plain surrounding this formation 
abouiids in small craters ; and on the W. is a number of curious 
enclosures, many of them overlapping. 

V LA.CQ. — A member of a magnificent group of closely associated 
forixiations situated on the greatly disturbed area between W. 
long. 30° and 45° and S. lat. 50° and 6o\ It is 57 miles in 
diameter, and is enclosed by terraced walls, rising on the W. 
about 8000 feet, and on the E. more than 10,000 feet above the 
iloor. They are broken on the S. by a fine crater. In addition 
to a conspicuous central peak, there are several small craters, and 
low short ridges’ in the interior. 

Eommel. — Adjoins Vlacq on the S. It is a somewhat larger 
and a far more irregular formation. On every side except the 
W*, where the. border is unbroken, and descends with a gentle 
slope to the dark interior; ring-plains and smaller depressions 
encroach on its outline, perhaps the most remarkable being 
llommel a on the ST., which has an especially brilliant wall, 
that includes a conspicuous central mountain, a large crater, 
and other details. The best lohase for observing Hommel and 
its surroundings is when the W. wall is just within the evening 
terminator. 

PiTlSCUS. — The most regular of the Vlacq group. It is situated 
on the N.E. of Hommel (a curious oblong-shaped enclosure, Hom- 
mel h, with a very attenuated E. wall, and a large crater on a 
floor, standing at a higher level than that of Pitiscus, intervening). 
It is 52 miles in diameter, and is surrounded by an apparently 
continuous rampart, exce|)t on the B., where there is a crater, and 
on the S.W., where it abuts on Hommel h. Here there is a wide 
gap crossed by what has every appearance of being a ‘‘fault,” 
resembling that in Phocylides on a smaller scale. There is a fine 
crater on the N. side of the interior connected with the S. wall by 
a bright ridge. Just beyond the B. border there is a shallow 
ring-plain of a very extraordinary shape. 

Neakch. — A ring-plain, about 35 miles in diameter, on the 
y.'W. of Hommel, forming part of the Vlacq group. 

Tannerus. — A ring-plain* about 19 miles in diameter, between 
Miitus and Bacon. It has a central mountain. 

]\IUTUS. — A fine but foreshortened walled plain, 5 1 miles in 
diameter. There are two ring-plains of about equal size on the 
floor, one on the N., and the other on the S. side. The wall on 
the W. rises to nearly 14,000 feet above the interior. 

Manzinus. — A walled plain, nearly 62 miles in diameter, with 
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a terraced rampart rising to a height o£ more than 14,500 feet 
above the interior. Schmidt shows three craterlets on the floor, 
hut no traces of the small central peak which is said to stand 
thereon, but to be only visible in large telescopes. 

SCHOMBERGER. — A large walled-plain adjoining Simpelius on 
the S.W. Too near the limb for satisfactory observation. 


WEST LONaiTUDE 20° to 0°. 

Delambre. — A conspicuous ring-plain, 32 miles in diameter, a 
little S. of the equator, in W. long. 17° 30', with a massive poly- 
gonal border, terraced within, rising on the W. to the great height 
of iSjOOO feet above the interior, but to little more than half this 
on the opposite side. Its outline approximates to that of a 
pentagon with slightly curved sides. A section on the S.E. 
exhibits an inflexion towards the centre. The crest is every- 
where continuous except on the N., where it is broken by a 
deep crater with a bright rim. The north-easterly trend of the 
ridges and hillocks on the E. is especially noteworthy. The central 
peak is not prominent, but close under it on the E. is a deep 
fissure, extending from near the centre, and dying out before it 
reaches the S. border. At the foot of the N.E. glacis there are 
traces of a ring with low walls. 

Theon, Ser. — A brilliant little ring-plain, E.N.E. of Delam- 
hre, 1 1 miles in diameter, and of great depth, with a regular and 
perfectly unbroken wall. North of it is a bright little crater. 

Theon, Jur. — A ring-plain similar in size and in other 
respects to the last, situated about 23 miles S. of it on a some- 
what dusky surface. Between the pair is a curious oblong-shaped 
mountain mass ; and on the E. a long cliff (of no great altitude, 
hut falling steeply on the E. side) extending S. towards Taylor a. 
Just below the escarpment, I find a brilliant little pair of crater- 
lets, of which Neison only shows one. 

Aleraganus. — A large bright crater, about 9 miles in diame- 
ter, with very steep walls, some distance S.S.W. of Delanabre, and 
standing on the W. edge of a large but very shallow and irregular 
depression W. of Taylor. There is a remarkable chain of craters 
on the W. of it. Alfraganus is the centre of a system of light 
streaks radiating in all directions, one ray extending through 
Cyrillus to Fracastorius. 
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Taylok. — A deep spindle-sliaped ring-plain, S. o£ Delambre, 
■about 22 miles in length. The wall appears to be everywhere 
•continuous, except at the extreme N. and S. ends, where there 
are small craters. The outer slopes, both on the E. and W., are 
very broad and prominent, but apparently not terraced. There 
is an inconspicuous central hill. On the W. is the irregular 
■enclosure, already referred to under Alfraganus. Three or four 
short winding valleys traverse the N. edge of this formation, and 
“descend to the dark floor. On the IsT.E. is the remarkable ring- 
plain Taylor a, iS miles in diameter, rising, at an almost isolated 
mountain mass on the E. border, to a height of 7000 feet above 
the interior. The more regular and W. section of this formation 
is not so lofty, and falls with a gentle slope to the dark uneven 
floor, on which there is some detail in the shape of small bright 
ridges and mounds. On the surface, N.W. of Taylor a, is a 
•curious linear row of bright little hills. Taylor and the vicinity is 
better seen under low evening illumination than under morning 
light. 

Hipparchus. — Except under a low sun, this immense walled- 
plain is by no means so striking an object as a glance at its repre- 
‘Sentation on a chart of the moon would lead one to expect ; for the 
border, in nearly every part of it, bears unmistakable evidence 
•of wreck and ruin, its continuity being interrupted by depressions, 
transverse valleys, and gaps, and it nowhere attains a great alti- 
tude. This imperfect enclosure extends 97 miles from N. to S., 
-and about 88 miles from E. to W., and in shape approximates to 
that of a rhombus with curved sides. One of the most prominent 
bright craters on its border is Hipparchus G, on the W. Another, 
of about the same size, is Hipparchus E, on the N. of Hox’rocks. 
On the E. there is a moderately bright crater, Hipparchus F ; and 
S. of this, on the same side, two others, K and i. The interior is 
Grossed by many ridges, and near the centre includes the relics of 
a low ring, traversed by a narrow rill-like valley. Schmidt shows 
■a cleft running from F across the floor to the S. border.^ 

Horrocics. — This fine ring-plain, 18 miles in diameter, stands 
■on the N. side of the interior of Hipparchus, close to the border. 
It has a continuous wall, rising on the E. to a height of nearly 
.8000 feet above the interior, and a distinct central mountain. 

Halley. — A ring-plain, 21 miles in diameter, on the S.W. 
border of Hipparchus, with a bright wall, rising at one point on 

^ A valuable monograph of Hipparchus, by Mr. W. R. Birt, was published in 
0:870.^ 
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the B. to a height of 7500 feet above the floor, which is depressed 
about 4000 feet below the surface. Two craterlets on the floor, 
one discovered by Birt on Eutherfurd's photogram of 1865, and 
the other by Gaudibert, raised a suspicion of recent lunar activity 
within this ring. A magnificent valley, shown in part by Schmidt 
as a crater-row, runs from the S. of Halley to the W. side of 
Albategnius. 

JELim . — A ring-plain, 16 miles in diameter, a few miles W. of 
Halley, with a peak on its E. wall 10,000 feet above the floor. 
The border is broken both on the S.E. and N.B. by small 
craters. 

[Horrocks, Halley, and Hind may be regarded as sti'ictly 
belonging to Hipparchus.] 

Albategnius. — Amagnificent walled-plain, 65 milesin diameter, 
adjoining Hipparchus on the S., surrounded by a massive complex 
rampart, prominently terraced, including many depressions, and 
crossed by several valleys. It is surmounted by very lofty peaks, 
one of which on the N.E. stands nearly 1 5,000 feet above the floor. 
The great ring-plain Albategnius A, 28 miles in diameter, intrudes 
far within the limits of the formation on the B., and its towering 
crest rises more than 10,000 feet above its floor, on which there is 
a small central mountain. The central mountain of Albategnius 
is more than 4000 feet high, and, with the exception of a few 
minor elevations, is the only prominent feature in the interior, 
though there are many small craters. Schmidt counted forty 
with the Berlin refractor, among them 12 on the E. side, arranged 
like a string of pearls. 

Parrot. — ^An irregularly-shaped formation, 41 miles in diame- 
ter, S. of Albategnius, with a very discontinuous margin, inter- 
rupted on every side by gaps and depressions, large and small ; 
the most considerable of which is the regular ring-plain Parrot a, 
on the E. An especially fine valley, shown by Schmidt to consist 
in part of large inosculating craters, cuts through the wall on the 
S.W., and runs on the E. side of Argelander towards Airy. The 
floor of Parrot is very rugged. 

Descartes. — This object, about 30 miles in diameter, situated 
N.W. of Abulfeda, is bounded by ill-defined, broken, and com- 
paratively low walls; interrupted on the S.E. by a fine crater, 
Descartes A, and on the S.W. by another, smaller. There is also 
a brilliant crater outside on the N. W. Schmidt shows a crater-row 
on the floor, which I have seen as a cleft. 

Dollond.— A bright crater, about 6 miles in diameter, on 
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the N.E side of Descartes. Between it and the latter there is a 
rill-valley. 

Tacitus — A bright ring-plain, about 28 miles in diameter, a 
few miles B of Oatherina, with a lofty wall rising both on the E. 
and W. to more than 11,000 feet above the floor. Its continuity 
is broken on the N. by a gap occupied by a depression, and there is 
a conspicuous crater below the crest on the S W. The central 
mountain is connected with the N wall by a ridge, recalling the same 
arrangement within Madler. A range of lofty hills, an offshoot of 
the Altai range, extends from Tacitus towards Eermat 

Almanon. — This ring-plain, with its companion Abulfeda on 
the N.E., is a very interesting telescopic object. It is about 36 
miles in diameter, and is surrounded by an irregular border of 
polygonal shape, the greatest altitude of which is about 6000 
feet above the floor on the W It is slightly terraced, and is 
broken on the S by a deep crater pertaining to the bnght and 
large formation Tacitus 6, the E border of which casts a fine 
double-peaked shadow at sunrise On the N.W there is another 
bright crater, the largest of the row, running in a W.S W. direc- 
tion, and forming a W. extension of the remarkable crater-chain 
tangential to the borders of Almanon and Abulfeda The only 
objects on the floor are three little hills, in a line, near the centre, 
a winding iidge on the W. side of it, and two or three other low 
elevations. 

Abulfeda. — A larger and more massive formation than 
Almanon, 39 miles in diameter, the E wall rising about 10,000 
feet above the interior, which is depressed more than 3000 feet. 
It is continuous on the W., but much broken by transverse valleys 
on the S.E., and by little depressions on the N. On the S.E 
originates the very curious bright crater-row which runs in a 
straight line to the N W. wall of Almanon, crossing for the first 
few miles the lofty table-land lying on the S E side of the border 
With the exception of a low central mountain, the interior of 
Abulfeda contains no visible detail The rampart is finely terraced 
on the E and W. The E glacis is very rugged. 

Argelandek — This conspicuous ring-plain, about 20 miles 
in diameter, is, if w'e except two smaller inosculating rings on the 
S.W. flank of Albategnius, the most northerly of a remarkable 
serpentine chain of seven moderately-sized formations, extending 
for nearly 180 miles from the S W. of Parrot to the K side of 
Blanchinus. Its border is lofty, slightly terraced within, and 
includes a central peak. 
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AiEY.— About 22 miles in diameter, connected witli Argelander 
by a depression bounded by linear walls. Its border, double on 
bbe S.E., is broken on tlie S. by a prominent crater, with a smaller 
companion on the W. of it ; and again on the N.E. by another not 
30 conspicuous. It has a central peak. The next link in the 
chain of ring-plains is Airy c, a very irregular object, somewhat 
larger, and with, for the most part, linear walls. 

Donati. — A ring-plain on the S. of Airy c, about 22 miles in 
greatest length. It is very irregular in outline, with a lofty 
broken border, especially on the N. and S., where there are wide 
gaps. There is another ring on the S.E. 

Faye. — The direction of the chain swerves considerably to- 
wards the E. at this formation, which resembles Donati both in 
size and in irregularity of outline. The wall, where it is not 
broken, is slightly terraced. There is a craterlet on the 8. rim 
and a central crater in the interior. 

Delaunay. — Adjoins Faye on the S.B., and is a larger and 
more complex object, of irregular form, with very lofty peaks on 
its border. A prominent ridge of great height traverses the 
formation from N. to S., abutting on the W* border of Lacaille. 
Delaunay is the last link in the chain commencing with Arge- 
lander. 

Lacaille. — An oblong enclosure situated on the N. side of 
Blanchinus, and ap]parently about 30 miles in greatest diameter. 
The border is to a great extent linear and continuous on the N., 
but elsewhere abounds in depressions. Two large inosculating 
ring-plains are associated with the N.E. wall. 

Blanchinus.— A large walled-plain on the W. of Purbach 
and abutting on the S. side of Lacaille. It much resembles Pur- 
bach in shape, but has lower walls. Schmidt shows a crater on 
the N. side of the floor, which I have seen, and a number of 
parallel ridges which have not been noted, probably because they 
are only visible under very oblique light. 

Gebee.— A bright ring-plain, 25 miles in diameter, S. of 
Almanon, with a jegular border, rising to a height on the W. of 
nearly 9000 feet above the floor. There is a small crater on the 
crest of the S. wall, and another on the N, A ring-plain about 
8 miles in diameter adjoins the formation on the N.E. Accord- 
ing to Neison, there is a feeble central hill, which, however, is not 
shown by Schmidt. 

Saceobosco. This is one of those extremely abnormal forma- 
tions which are almost peculiar to certain regions in the fourth 
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quadrant. It is about 50 miles in greatest diameter, and is 
enclosed by a rampart o£ unequal height, rising on the E. to 
12,000 feet above the floor, but sinking in places to a very 
moderate altitude. On the N. its contour is, if possible, rendered 
still more irregular by the intrusion of a smaller ring-plain. On 
the N.E. side of the floor stands a very bright little crater and 
two others on the S. of the centre, each with central mountains. 

Febmat. — An irregular ring-plain 25 miles in diameter on the 
W. of Sacrohosco. Its partially terraced wall is broken on the 
N. by a gap which communicates with the interior of a smaller 
formation. There are some low hills on the floor, which is 
depressed 6000 feet below the crest of the border. 

Azophi. — A prominent ring-plain, 30 miles in diameter, E.N.E. 
of Sacrobosco, its lofty barrier towering nearly 11,000 feet 
above a somewhat dusky interior, which includes some light spots. 
A massive curved mountain arm runs from the S. side of this 
formation to a small ring-plain W. of Playfair. 

Abenezba. — When observed near the morning terminator, this 
noteworthy ring-plain, 27 miles in diameter, seems to be divided 
into two by a curved ridge which traverses the formation from 
N. to S., and extends beyond its limits. The irregular border 
rises on the W. to a height of more than 14,000 feet above the 
deeply-sunken floor, which includes several craters, hills, and 
ridges. 

Apianus. — A magnificent ring-plain, 38 miles in diameter, 
N.W. of Aliacensis, with lofty terraced walls, rising on the N.E. 
to about 9000 feet above the interior, and crowned on the W. by 
three large conspicuous craters. The border is broken on the N. 
by a smaller depression and a large ring with low walls. The 
dark-grey floor appears to be devoid of conspicuous detail. 

Playfair. — A ring-plain, 28 miles in diameter, with massive 
walls. It is situated on the N, of Playfair, and is connected with 
it by a mountain arm. The rampart is tolerably continuous, but 
varies considerably in altitude, rising on the S. to a height of 
more than 8000 feet above the interior. . On the W., extending 
towards Blanchinus, is a magnificent unnamed formation, bounded 
on the E. by a broad lofty rampart flanking Blanchinus, Lacaille, 
Delaunay, and Faye ; and on the W. by Playfair and the mountain 
arm just mentioned. It is fully 60 miles in length from N. to S. 
Sunrise on this region affords a fine spectacle to the observer with 
a large telescope. The best phase is when the morning termi- 
nator intersects Aliacensis, as at this time the long jagged shadows 
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of the E. wall of Playfair and of the mountain arm are very 
prominent on the smooth, greyish-hlne surface of this immense 
enclosure. 

PoNTANUS. — An irregular ring-plain, 28 miles in diameter, 
S.S.W. of Azoj)hi, with a low broken border, interrupted on the 
S.W. by a smaller ring-plain, which forms one of a group ex- 
tending towards the S.W. The dark floor includes a central 
mountain. 

Aliacensis. — This ring-plain, 53 miles in diameter, with its 
neighbour Werner on the N.E., are beautiful telescopic objects 
under a low sun. Its lofty terraced border rises at one peak on 
the E. to the tremendous height of 16,500 feet, and at another on 
the opposite side to nearly 12,000 feet above the floor. The wall 
on the S. is broken by a crater, and on the W. traversed by narrow 
passes. There is also a prominent crater on the inner slope of the 
N.E. wall. The floor includes a small mountain, several little hills, 
and a crater. 

Wekner. — A ring-plain, 45 miles in diameter, with a massive 
rampart crowned by peaks almost as lofty as any on that of Alia- 
censis, and with terraces fully as conspicuous. It has a magnificent 
central mountain, 4500 feet high. At the foot of the N".E. wall 
Madler observed a small area, which he describes as rivalling the 
central peak of Aristarchus in brilliancy. Webb, however, was 
unable to confirm this estimate, though he noted it as very bright, 
and saw a minute black pit and narrow ravine within it. Neison 
subsequently found that the black pit is a crater-cone. It would 
perhaps be rash, with our limited knowledge of minute lunar 
detail, to assert that Madler over-estimated the brightness of this 
area, which may have been due to a recent deposit round the 
orifice of the crater-cone. 

Poisson. — An irregular formation on the W. of Aliacensis, 
extending about 50 miles from W. to E., but much less in a 
meridional direction. Its N. limits are marked by a number of 
overlapping ring-plains and craters, and it is much broken else- 
where by smaller depressions. The E. wall is about 7000 feet in 
height. 

GtEMMA Pkisius. — A great composite walled-plain, 80 miles 
or more in length from N. to S., with a wall rising at one place 
nearly 14,000 feet above the floor. It is broken on the N. by 
two fine ring-plains, each about 20 miles in diameter, and on the 
E. by a third open to the B. There is a central mountain, and 
several small craters on the floor, especially on the W. side. 
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BOsching. — A rii^g-plain S. of Zagut, atout 36 railes in 
diametei’, with a moderately high but irregular wall. There 
are several craterlets within and some low hills. 

Buch. — Adjoins Biisching on the S.B. It is about 31 miles 
in diameter, and has a less broken barrier. There is a large crater 
on the E. wall, and another smaller one on the S.W. Schmidt 
shows nothing on the floor, but Neison noted two minute crater- 
cones. 

Maubouycus. — This unquestionably ranks as one of the grandest 
walled-plains on the moon’s visible surface, and when viewed under 
a low sim presents a spectacle which is not easily effaced from 
the mind. Like so many of the great enclosures in the fourth 
quadrant, it impresses one with the notion that we have here the 
result of the crowding together of a number of large rings 
which, when they were in a semi-fluid or viscous condition, 
mutually deformed each other. It extends fully 150 miles from 
E. to W., and more from N. to S. ; so it may be taken to include 
an area on the lunar globe which is, roughly speaking, equal to 
half the superficies of Ireland. This vast space, bounded by 
one of the loftiest, most massive, and prominently-terraced 
ramparts, includes ring-plains, craters, crater-rows, and valleys, — 
in short, almost every type of lunar formation. It towers on 
the E. to a height of nearly 14,000 feet above the interior, and on 
the W., according to Schmidt, to a still greater, altitude. A fine 
rill-valley curves round the outer sloj)e of the "W. wall, just below 
its crest, which is an easy object in a 8|-inch reflector when the 
opposite border is on the morning terminator, and could doubt- 
less be seen in a smaller instrument ; and there is an especially 
brilliant crater on the S. border, which is not visible till a some- 
what later stage of sunrise. The central mountain is of great 
altitude, its loftiest peaks standing out amid the shadow long 
before a ray of sunlight has reached the lower slopes of the walls. 
It is associated with a number of smaller elevations. I have seen 
three considerable craters and several smaller ones in the 
inteiior. 

Bauocius. — A massive formation, about 50 miles in diameter, 
on the S.W. side of Maurolycus, whose border it overlaps and 
considerably deforms. Its wall rises on the E. to a height of 
12,000 feet above the floor, and is broken on the N.W. by two 
great ring-plains. On the inner slope of the S.E. border is a 
curious oblong enclosure. There is nothing remarkable in the 
interior. 
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On the dusky grey plain W. of Mauiolycus and Barocius 
there is a number of little formations, many of them being of a 
very abnormal shape, which are well worthy of examination I 
have seen two short unrecorded clefts in connection with these 
objects. 

Stotlee — A grand object, very similar in size and general 
character to Maurolycus, its neighbour on the W. To view it 
and its surroundings at the most striking phase, it should be 
observed when the morning terminator lies a little E. of the W 
wall. At this time the jagged, clean-cut, shadows of the peaks on 
Faraday and the W. border, the fine terraces, depressions, and 
other features on the illuminated section of the gigantic rampart, 
and the smooth bluish-grey floor, combine to make a most 
beautiful telescopic picture At a peak on the N E , the wall 
attains a height of nearly 12,000 feet, but sinks to a little more 
than a third of this height on the E It is apparently loftiest on 
the N. The most conspicuous of the many craters upon it is the 
bright deep circular depression E on the S. wall, and another, 
rather larger and less regular, on the N W , which has a very 
low rim on the side facing the floor, and a craterlet on either side 
of the apparent gap A large lozenge-shaped enclosure abuts on 
the wall, near the crater E , with a border crowned by a number 
of little peaks, which at an early stage of sunrise resemble a 
chaplet of loearls The floor of Stofler is apparently very level, 
and in colour recalls the beautiful steel-grey tone of Plato seen 
under certain conditions I have noted several distinct little 
craters on its surface, mostly on the N E side ; and on the E side 
a triangular dark patch, close to the foot of the wall, very similar 
in size and appearance to those within Alphonsus. 

Paeaday— A large ring-plain, about 35 miles in diameter, 
overlapping the S W . border of Stofler ; its own rampart being 
overlapped in its turn by two smaller ring-plains on the S E , and 
by two still smaller formations (one of which is square-shaped) on 
the H W. The wall is broad and very massive on the E and N E , 
prominently terraced, and includes many brilliant little craters 
Schmidt shows a ridge and several craters in the interior. 

Licetus An irregular formation, about 50 miles in maximum 
width, on the S. of Stofler, with the flanks of which it is con- 
nected by a coarse valley, Heison points out that it consists of a 
group of ring-plains united into one, owing to the separating walls 
having been partially destroyed. This seems to be clearly the 
case, if Licetus is examined under a low sun On the E. side of 
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the N. portion of the formation, the wall rises to nearly 13,000 
feet. 

Fernelius. — A ring-plain, about 30 miles in diameter, abut- 
ting on the N. wall of Stofler. It is overlapped on the E. by 
another similar formation of about half its size There are many 
craters and depressions on the borders of both, and a large crater 
between the smaller enclosure and the IT B outer slope of Stofler. 
Schmidt shows eight craters on the floor of Eernelius. 

Nonius — A ring-plain, about 20 miles in diameter, abutting 
on the N wall of Eernelius. There is a prominent bright crater 
on the W. of it, and another on the N , from which a delicate 
valley runs towards the W. side of Walter. 

Clair AUT. — A very peculiar formation, about 40 miles in 
diameter, S. of Maurolycus, affording another good example of in- 
terference and overlapping. The continuity of its border, nowheie 
very regular, has been entirely destroyed on the S by the subse- 
quent formation of two large rings, some 10 or 12 miles in dia- 
meter, the more easterly of which has, in its turn, been partially 
wrecked on the N. by a smaller object of the same class. There 
is also a ring-plain N B of Olairaut, which has very clearly 
modified the shape of the border on this side. Two craters on 
the floor of Clairaut are easy objects 

Bacon — A very fine nng-plain, 40 miles in diameter, S W 
of Olairaut At one peak on the E the terraced wall rises to 
nearly 14,000 feet above the interior It is broken on the 8. by 
three or four craters On the W there is an irregulai incon- 
spicuous enclosure, whose contiguity has apparently modified the 
shape of the border. There are two large rings on the N. (the 
more easterly having a central peak), and a third on the B. The 
floor appears to be devoid of prominent detail. 

OuviER —A walled-plam, about 50 miles in diameter, on the 
S E of Clairaut. The border on the E. rises to 12, COO feet ; and 
on the N W is much broken by depressions. Neison has seen a 
mound, with a minute crater W. of it, on the otherwise undis- 
turbed interior. 

Jacobi A nng-plain S of Cuvier, about 40 miles in diameter, 

with walls much broken on the N and S , but rising on the E to 
nearly 10,000 feet. There is a group of craters (nearly central) 
on the floor The region S of this formation abounds in large 
unnamed objects. 

Lilius — An irregular ring-plain, 39 miles in diameter, with 
a rampart on the E. nearly 10,000 feet above the floor. A 
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smaller ring between it and Jacobi has considerably inflected the 
wall towards the interior. It has a conspicuous central moun- 
tain. 

ZkCK , — A massive formation, 46 miles in diameter, on the S. 
of Lilius, with prominently terraced walls, rising on the E. to 
13,000 feet above the interior. A small ring-plain, whose wall 
-stands 6000 feet above the floor, is associated with the N. border. 
Two other rings, on the S.W. and N.E. respectively, have craters 
on their ramparts and central hills. 

Pentland. — ^A fine conspicuous formation under a low sun, 
even in a region abounding in such objects. It is about 50 miles 
in diameter, with a border exceeding in places 10,000 feet in 
height above the floor, which includes an especially fine central 
mountain. 

Kinau. — One of the group of remarkable ring-plains extend- 
ing in a N.W. direction from Pentland. 

SiMPELius. — ^Another grand circumvallation, almost as large 
as Pentland, but unfortunately much foreshortened. One of its 
peaks on the E. rises to a height of more than 12,000 feet above 
the floor, on which there is a small central mountain. Between 
Simpelius and Pentland are several ring-plains, most of which 
appear to have been squeezed and defoi-med into abnormal shapes. 

• CuRTius. — A magnificent formation, about 50 miles in diame- 
ter, with one of the loftiest ramparts on the visible surface, rising 
at -a mountain mass on the KE. to more than 22,000 feet, an 
altitude which is only surpassed by peaks on the walls of Newton 
and Oasatus. There is a bright crater on the S.E. boi’der and 
another on the W. The formation is too near the S. limb for 
satisfactory scrutiny. Between Ourtius and Zach is a fine group 
of unnamed enclosures. 
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DESCRIPTION OF THE MAP 

The accompanying map, eighteen inches in diameter, represents the 
moon under mean libration. Meridian lines and parallels o£ latitude 
fire drawn at every io“, except in the case of the meridians of 80“ 
E. and W. longitude, which are omitted to avoid confusion, and as 
being practically needless. These lines will enable the observer, with 
the aid of the Tables in the Appendix, to find the position of the 



terminator at any time required. As astronomical telescopes exhibit 
objects inverted, maps of the moon are always drawn upside down, and 
with the right and left interchanged, as in the diagram above, which 
also shows how the quadrants are numbered. 

This circle (^, intended to be .15708 in diameter, I’epresents a circle 
of one degree in diameter at the centre of the map, and as the length 
of one selenographical degree is 18.871 miles, it represents an area 
of nearly 280 square miles. 
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The catalogue is so arranged that, beginning with the W. limb, and 
referring to the lists under the first and fourth, and the second and 
third quadrants, all the formations falling within the meridians 90“ to 
6o% 60® to 40“, 40° to 20°, 20** to 0“ (the central meridian), and from 
0° to 20°, and so on, to the E. limb, will be found in convenient 
proximity in the text. 


In the Catalogue^ N. S. E. W. are used as abbreviations for the 
cardinal ^points. 


LIST OF THE MAEIA, OR GREY PLAINS 
TERMED ‘‘SEAS/’ &c. 


First Quadrant. 

Mare Tranquilitatis (nearly the 
whole), page 5, 

„ Foecunditatis (the N. por- 
tion), 5. 

„ Serenitatis, 5. 

„ Crisium, 6. 

,, Frigoris (a portion), 5. 

„ Yaporum (nearly the 
whole), 6.* 

,, Humboldtiannm, 6. 

,, Smythii (a portion), 39, 
Lacns Mortis, 53. 

„ Somniorum. 

Pains Somnii. 

,, IlTebiilarum (a portion), 62. 
,, Putredinis, 61. 

Sinus Medii (a portion), 6. 

Sboond Quadrant. 

Mare Imbriuni, 5. 

,, Nnbium (the K portion), 5. 
,, Fiigoris (a portion), 5. 

,, Yaporiim (a portion), 6. 
Oceanns Procellarum (the IST. por- 
tion), 5. 


Pains blebularum (a portion), p. 62 . 
Sinus Iridum, 80. 

„ Medii (a portion), 6. 

,, Roris, 90. 

,, JEstuum. 


Third Quadrant. 

Mare Nubium (the greater por- 
tion), 5. 

„ Humoruin, 6. 

Oceanns Procellarum (the S. por- 
tion), 5. 

Sinus Medii (a small portion), 6. 

Fourth Quadrant. 

Mare Foecunditatis (the greater 
portion), 5. 

„ Nectaris, 7. 

,, Tranquilitatis (a small por- 
tion), 5. 

„ Austral e, 127. 

„ Smythii (a portion), 39. 
Sinus Medii (a portion), 6. 



LIST OF SOME OF THE MOST PEOMINENT MOUNTAIN 
EANGES, PEOMONTOKIES, ISOLATED MOUNTAINS, 
AND EEMAEKABLE HILLS. 

FIEST QUADEANT. 

The Al'ps. The western portion of the range. 

The Apennines. The extreme northern part of the range. 

The Caucasus. 

The Hcemus. 

The Taurus. 

The North Polar Range. On the limb extending from N. lat. 8i" 
towards the E. 

The Humboldt Mountains. On the limb from N. lat. 72° to N. lat. 53 ^ 

Mount ArgoeiLS. A mountain mass rising some 8000 feet above the 
Mare Serenitatis in N. lat. 20°, W. long. 28®, N.W. of Dawes. 

Prom. Acherusia. A bright promontory at the W. extremity of the 
Hsemus range, rising nearly 5000 feet above the Mare Serenitatis. 
isr. lat. 17®, W. long. 22®. 

Gape Agariim. The N. end of a projecting headland on the S.W. side 
of the Mare Crisium, in N. lat. 14®, W. long. 66®, rising nearly 
11,000 feet above the Mare. 

Le Monnier A. An isolated mountain more than 3000 feet high, 
standing about midway between the extremities of the bay : pro- 
bably a relic of a once complete ring. 

Secclii. South of this formation there is a lofty prominent isolated 
mountain. 

Manilius a and Two conspicuous mountains N. of Manilius \ A, 
the more westerly, being more than 5000 feet, and ^ about 2000 
feet in height. 

Autolycus A. A mountain of considerable altitude, S. of this formation. 

Mo 7 it Blanc. Principal peak, N. lat. 46*^, W. long, o® 30', nearly 12,000 
feet in height. 

Cassini e and S. Two adjoining mountain masses N. of Cassini, more 
than 5000 feet high. 

Eudoxus. S.E. of this formation, in N. lat. 43®, W. long. 10°, are two 
bright mountain masses, the more southerly rising 7000, and the 
other 4000 feet above the surface. 

Mount Hadley. The northern extremity of the Apennines, in N. lat. 27® 
W. long. 5°, rising more than 15,000 feet above the Mare. 
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Mount Bradley. A promontory of the Apennines, in N. lat 23 , W. 

long 1°, nearly 14,000 feet above the Mare Imhrium 
The Sillerschlag Range, running from near the S.E. side of Julius Casar 
to the region W of Agrippa 

SECOND QIJADEANT 

The Al'ps. The eastern and greater portion 
The Apennines Nearly the whole of the range 

The Carpathians 

The Tenerife Mountains S E of Plato Higliest peak, 8000 teet. 

The Stiaight Range East of the last, in N. lat. 48°, E long. 20 
The Harhinger Mountains NW. of Aristarchus 

The Sercyman Muuntams. Near the N E limb, E of Otto Struve, 

N lat 25° , j. j! 

Mount Huygens A mountain mass projecting from the escarpment ot 

the Apennines, in N lat 20°, E. long 3°. one peak rising to 18,000 

feet above the Mare Imbrium. ^ -u q t'* 

Mount Wolf A preat square-shaped mountain mass, near the fe E. 
extremity ot the Apennines, in N lat 17°, E long. 9°, the loftiest 
peak rising to nearly 12,000 feet above the Mare Imbrium 
Eratosthenes i and x Two isolated mountains N of this formation, 
in N lat. 20° , X IS 1800 feet in height. 

Pico. A magnificent isolated mountain, S of Plato, in N lat. 4S > 

E long. 9°, rising some 8000 feet above the Mare Imbrium 
Pico B. A triple-peaked mountain a few miles S. of Pico 
Piton A bright isolated mountain 7000 feet high, in N. lat. i , 

E long 1° f 4. u- u 

Fontinelle a A conspicuous isolated mountain about 3000 teet high, 

S. of Eontinelle „ , , , xr i * 

Aiehimedes z. A triangular-shaped group E. of Aichimedes, in 

31°, E. long. 8°, the highest of the peaks rising more than 2000 feet 
Garoline Herschel E of this formation is a double-peaked mountain 

rising to 1300 feet xt 1 

Gruithmsen 8 and y On the N of this bright crater, in N lat. 36 , 
E long 40°, rises a fine mountain, 8, nearly 6000 feet m height, 
and on the N E of it the larger mass y, almost as lofty 
Mail an There is a group of three bright little mountains, the loftiest 
about 800 feet above the Mare, some distance E. of this formation 
Euler j 3 A fine but small mountain group, more than 3600 feet high, 

on the Mare Imbrium, S.E. of Euler. xr ■ i 

The Laplace Promontory. A magnificent headland on the N. side ot 
the Sinus Iridum, rising about 9000 feet above the latter, and 
about 7000 feet above the Mare Imbrium 
Gape Herachdes A fine but less prominent headland on the opposite 
side of the bay, rising more than 4000 feet above it. 
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Lahire A large bright isolated mountain in the Mare Imbrium, 
N E of Lambert, in K lat 27“, E long 25“ It is, according to 
Schroter, nearly 5000 feet high 

DeUsle p A curious club-shaped mountain on the S E of this forma- 
tion, nearly 4000 feet in height 

Fijtheas (3 An isolated mountain, 900 feet high, in NT lat. 20", 
E long. 23“ 

Kirch There is a small isolated hill a few miles N of this formation. 

Kt'ich r. A bright mountain about 700 feet high, in N lat 20“ 
E long 3° , 

Piazzi Smyth [3 A small bright isolated mountain on a ridge S. of 
this, IS a noteworthy object under a low sun. 

Lambert P. In N. lat. 26°, E long 18% a remarkable curved moun- 
tain about 3000 feet in height, a brilliant object under a low sun. 

D Alembert Mountains A range on the E. limb running S. from N. 
lat 12° 

Wollaston. An isolated triangular mountain about midway between 
this and Wollaston b 


THIRD QUADRANT. 

The liijphcBan Mountains An isolated range S. of Landsberg in 8 
lat 7°, E long 28° They run in a meridional direction, and 
rise at one peak to nearly 3000 feet above the Oceanus Proeel- 
larum. 

The Percy Mountains extend from the eastern flank of Gassendi 

towards Mersemus. forming the north-eastern border of the Mare 
Humorum 

Prom. JEnanum. A steep bluff situated at the northern end of 
a^ plateau, some distance B of Arzachel, in R. lat 18°, B. long. 
9°. It rises some 2000 feet above the Mare IsTubium 
JEucMes ^^and y Two mountain masses N. of thus formation in M 

^ ai'e evidently 

olishoots from the Riphsean range 

Landsho) g -z. An isolated hill in S lat 4°, E long 23° 

o SE ct NicoIW. ^ s l.t. B lonj. i, 

m by . monnum rmog to more ttaa tooo foot sboyo the 

Mare Nubium 

me Mountains At the S end of the straight wall, or 

risinJabo ^ f^Vf’ ^ mountain mass 

using about 2000 feet above the Mare Nubium 

Lacroix I A mountain more than 7000 feet high, N. of Lacroix. 

long 51^ of tlian 3000 feet in S. lat 4°, 

UAleM^MouMns A very lofty range on the E. limb, extending 
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The Cordilleras. Close to the E. limb ; they lie between S. lat. 8 and 
S. lat. 23“. 

Rooh Mountains. On the E. limb, extending from about S. lat. 18° to 
S. lat. 35''. According to Schroter, they attain a height of 25,000 
feet. 

Ddrfel Mountains. On the S.E. limb between S. lat. 57® and S. lat. 80°. 

Leihnitz Mountains. On the S. limb extending W. from S. lat. 80“ 
beyond the Pole on to the Fourth Quadrant. Perhaps the loftiest 
range on the limb. Madler’s measures give more than 27,000 
feet as the height of one peak, and there are several others nearly 
as high. 


FOURTH QUADRANT. 

The Altai Mo^mtains. A fine conspicuous serpentine range, extending 
from the E. side of Piccolomini in a north-easterly direction to 
the region between Tacitus and Oatherina, a length of about 275 
miles. The loftiest peak is over 13,000 feet. The average height 
of the southern portion is about 6000 feet. The region lying on the 
S.E. of this range is a vast tableland, devoid of prominent objects, 
rising gradually towards the mountains, which shelve rapidly 
down to an equally barren expanse on the N.W. 

The Pyrenees, These mountains, on the E. of Guttemberg, border the 
western side of the Mare Nectaris. Their loftiest peak, rising 
nearly to 12,000 feet, is on the S.E. of Guttemberg. 



LIST OP THE PRINCIPAL RAY-SYSTEMS, LIGHT- 
SURROUNDED CRATERS, AND LIGHT-SPOTS.' 

FIRST QUADRANT. 

Aictolyous. Encircled’ by a delicate nimbus, throwing ont four or five 
prominent rays extending towards Archimedes. Seen best under 
evening illumination. 

Aristillus. The centre of a noteworthy system of delicate rays extending 
W. towards the Caucasus ; and on the S. disappearing among the 
rays of Autolycus. They are traceable on the Mare Nubium near 
Kirch. 

Thecetetm, A very brilliant group of little hills E. of this formation. 

Eudoxus A. A light-surrounded crater W. of Eudoxus, with distinct 
long streaks, one of which extends to the S. wall of Aristoteles. 

Aristoteles a. A light-surrounded crater in the Mare Frigoris, N.B. of 
Aristoteles. 

Aratus. A very conspicuously brilliant crater in the Apennines, with 
a smaller light-surrounded crater W. of it. 

Suljpicius Gallus. A light spot near. 

Manilius. Surrounded by a light halo and streaks. 

Taquet Has a prominent nimbus, and indications of very delicate 
streaks. 

PUnius A. Is surrounded by a well-marked halo. 

Posidonius y. Among the hills E. of this formation a light spot 
resembling Linne, according to Schmidt. He first saw it in 
1867, ’^hen it had a delicate black spot in the centre. Dr. Vogel 
observed and drew it in 1871 with the great refractor at Bothkamp. 
These observations were confirmed by Schmidt in 1875 with the 
14-feet refractor at Berlin. 

Uttww. A very bright light-spot with streaks, on the site of a little 
crater and well-known cleft E. of this ring-plain. 

Eomen A light-surrounded mountain on the E. 

Macrobius. Two light-surrounded craters on the E. of this formation, 
the more northerly being the brighter. 

Gleomedes a. (On the floor.) Surrounded by a nimbus and rays. Large 
crater, a, on the E. has also a nimbus and rays. 

^ In this list, which does claim to be exhaustive, most of the objects noted by 

Schmidt are incorporated. 
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Agri^pa. Exhibits faint rays. 

Godin. Exhibits faint rays. 

Procliis. A well-known ray-centre, some of the rays prominent on part 
of the Mare Crisium. 

Taruntius. Has a very faint nimbus, with rays, on a dark surface. 

Dionysius, A brilliant crater with a prominent, bright, excentrically 
placed nimbus on a dark surface, on which distinct rays are dis- 
played. 

Hypatia b. A very small bright crater on a dark surface : surrounded 
by a faint nimbus. 

Apollonius. Among the hills S. of this, there is a small bright streak 
system. 

Eimmart. There is a large white spot ET.W. of this. 

Geminus is associated with a system of very delicate rays. 

Menelaus. A brilliant object. It is traverssd by a long ray from 
Tycho. 


SECONI) QUADRANT. 

Anaxagoras. The centre of an important ray-system. 

Timocharis is surrounded by a pale irregular nimbus and faint rays, 
most prominently developed on the W. side of the formation. 

Copernicus. Next to Tycho, the most extended ray-centre on the 
visible surface. Some distance on the E., in E. long. 25“, N. lat. 
11°, lies a very small but conspicuous system, and in E. long. 22® 
N. lat. 8° a bright light spot among little hills. 

Gamhart a. A bright crater with large nimbus and rays. 

Landsberg a. A light-surrounded crater on a dark surface, with com- 
panions, referred to under the Third Quadrant. 

Encke, There is a light-surrounded crater S. of this. 

Eepler. A noted ray-centre. It is surrounded by an extensive halo, 
especially well developed on the E., across the Mare Procellarum. 

Bessarion. Two bright craters : the more northerly is prominently 
light-surrounded, while its companion is less conspicuously so. 

Aristarchus. — The most conspicuous bright centre on the moon, the 
origin of a complicated ray-system. 

Delisle. S. of this formation there is a tolerably bidght spot on the 
site of some hills. 

Timceus. A ray-centre. 

Euler. Eeeble halo with streaks. 

Galileo. Between this and Reiner is a curious bright formation with 
short rays, referred to in the Catalogue, under Reiner, 

Gavalerius. A light streak originating in the W. wall, and extending 
on to the Oceanus Procellarum. 

Gibers, A considerable ray-system, but seldom distinctly visible. 

Lichtenberg. Eaintly light-surrounded. 

L 
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THIRD QUADRANT. 

Tycho, The largest and best known system on the visible surface. 

Zuchius, A remarkable ray-system, but one which is only well seen 
when libration is favourable. 

Bailly, N. of the centre of this great enclosure are two very distinct 
radiating streaks. 

Schichard. Four conspicuous light spots, probably craters, on the S.E. 

Byrgius A. A brilliant ray-centre, most of the rays trending eastward 
from a nimbus. 

Hainzel, There are several bright spots E. of this formation. 

Mersenius. Two or three light-rays originate from a point on the W. 
rampart. 

Mersenius c. A light-surrounded crater with short rays. 

Grimaldi. There are three bright spots on the W. wall. 

Damoiseau. A light-surrounded crater W. of Damoiseau, E. long. 58°, 
S. lat. 6°. 

Flamsteed c. A light-surrounded crater on a dark surface. 

Lulieniezhy a. Crater with halo on a dark surface. 

L'lthieniezhy f. Crater with halo on a dark surface. 

Lul)ieniezhy g. Crater with halo on a dark surface. 

Birt a, A light-surrounded crater. 

Landslerg. E. of Landsberg, four light-surrounded craters, forming 
with Landsberg a (in the Second Quadrant) an interesting group. 

Lolirmann a. A light-surrounded crater, with a light area a few miles 
N. of it. S. lat. 1°, E. long. 61® 

Fudides. Has a conspicuous nimbus with traces of rays, a typical 
example. 

Guerilce. There is a crater, with nimbus, W. of this, in E. long. 12“, 
S. lat. 11° 5'. 

Barry. A very brilliant light-spot in the S. wall. 

Parry a. Surrounded by a bright nimbus. 

Alyyetragius b. A conspicuous light-surrounded crater, one of the 
most remarkable on the moon. 

Alpetragius d (E. long, ii , S. lat. T3'’ 8^). A bright spot, seen by 
Madler as a crater, but which, as Schmidt found in 1868, no longer 
answers to this description. I 

Hosting c. A light-surrounded crater. 

Lalande. Has a large nimbus and distinct rays. 

JSell. A large ill-defined spot in E. long. 4“, S. lat. 33°. This is most 
probably the site of the white cloud seen by Cassini. 

Mercator. There is a brilliant crater and light area under E. wall. 
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FOURTH QUADRANT. 

Stevinus a. A crater E. of Stevinus ; it is a centre of wide extending 
rays. 

JB'urnerius a. Prominently light - surrounded, with bright streaks, 
radiating for a long distance N. and S. 

Messier a. The well-known “ Comet ” rays, extending E. of this. 

Jjangrenus, Plas a large but very pale ray-system. It is best seen 
under a low evening sun. Three long streaks radiate towards the 
E. from the foot of the glacis of the S.E. wall. 

Censormus. A very brilliant crater with faint rays. 

TheopMlus, The central mountain is faintly light-surrounded. 

M'ddler, This ring-plain and the neighbourhood on the N. and N.W., 
include many bright areas and curious streaks. 

Almanon, About midway between this and Argelander is a very 
brilliant little crater. 

Beaumont, Between this and Cyrillus stand three considerable craters 
with nimbi. 

Cyrillus a. A prominent light-surrounded crater. 

Alfraganus, A light- surrounded crater with rays. 



POSITION or THE LUNAR TERMINATOR 


Though the position of the Lunar Terminator is given for mean mid- 
night throughout the year in that very useful publication the Gomjpanion 
to the Ohservatory^ it is frequently important in examining or comparing 
former drawings and observations to ascertain its position at the times 
when they were made. For this purpose the subjoined tables (which 
first appeared in the Selena graphical Journal) will be found useful, as 
they give for any day between a.d. 1780 and A.i). 1900 the seleno- 
graphical longitude of the point where the terminator crosses the 
moon’s equator, which it does very nearly at right angles. 


TABLE L 


Position of the Moon^s Terminator on March i, noonfx.M.T., of each yean 


Year. 

1780 . 

1781 . 

1782 . 

1783 . 

1784 . 

1785 . 

1786 . 

1787 . 

1788 . 

1789 . 

1790 . 

1791 . 

1792 . 

1793 • 

1794 . 
179s . 

1796 . 

1797 . 

1798 . 

1799 . 

1800 . 

1801 . 

1802 . 

1803 . 

1804 . 
180s . 

1806 . 

1807 . 

1808 . 

1809 . 

1810 . 

1811 . 

1812 . 

1813 . 

1814 . 

1815 . 

1816 . 

1817 . 

1818 . 

1819 . 


145 

40 

26 

2 

246 

24 

II6 

46 

334 

59 

205 

20 

75 

42 

305 

4 

164 

16 

34 

39 

265 

I 

13s 

23 

353 

36 

223 

S8 

94 

21 

324 

45 

182 

55 

S3 

17 

283 

40 

154 

2 

24 

25 

254 

46 

125 

9 

355 

31 

213 

35 

83 

57 

314 

19 

184 

41 

43 

3 

273 

25 

143 

48 

14 

10 

232 

13 

102 

34 

332 

58 

203 

20 

61 

41 

292 

3 

162 

26 

32 

48 


Year. 

1820 . 

1821 . 

1822 . 

1823 . 

1824 . 

1825 . 

1826 . 

1827 . 

1828 . 

1829 . 

1830 . 

1831 . 

1832 . 

1833 . 

1834 . 

183s • 

1836 . 

1837 . 

1838 . 

1839 . 

1840 . 

1841 . 

1842 . 

1843 • 

1844 . 
184s . 

1846 . 

1847 . 

1848 . 

1849 . 

1850 . 

1851 . 

1852 . 

1853 . 

1854 . 

1855 . 

1856 . 

1857 . 

1858 . 

1859 . 


250 

49 

121 

II 

351 

33 

221 

55 

80 

17 

310 

40 

181 

2 

SI 

25 

269 

26 

139 

49 

10 

11 

240 

33 

98 

55 

329 

17 

199 

39 

70 

I 

288 

13 

158 

36 

28 

58 

259 

21 

117 

33 

347 

55 

it 8 

17 

88 

40 

306 

52 

177 

15 

47 

36 

277 

S8 

136 

11 

6 

33 

236 

55 

107 

17 

325 

29 

19s 

52 

66 

14 

296 

37 

154 

48 

25 

II 

255 

33 

125 

54 


Year. 

1860 . 

1861 . 

1862 . 

1863 . 

1864 . 

1865 . 

1866 . 

1867 . 

1868 . 

1869 . 

1870 . 

1871 . 

1872 . 

1873 . 

1874 . 

1875 . 

1876 . 

1877 . 

1878 . 

1879 . 

1880 . 

1881 . 

1882 . 

1883 . 

1884 . 
188s . 

1886 . 

1887 . 

1888 . 

1889 . 

1890 . 

1891 . 

1892 . 

1893 ■ 

1894 . 

1895 . 

1896 . 

1897 . 

1898 . 

1899 . 


344 7 

214 30 
84 52 

31S IS 

173 26 

43 49 
274 II 
144 33 
2 45 
233 7 

103 29 
333 S2 
192 3 

62 26 
292 48 

163 II 
21 23 

251 45 

122 8 

352 30 

210 43 

81 4 

311 26 

181 48 

40 I 
270 23 
140 4S 
II 7 
229 20 

99 42 
330 5 

200 26 
58 39 
289 I 
154 24 
29 46 
247 57 
118 19 

347 40 

T19 2 
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Podtion of the Moon’s Terminator at midnight G.M.T for each dag of the year. 
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To find the ^OBition of the Lunar Terminator on any day in a year 
hetioeen 1780 and 1900. 

From Table I, take out the angle opposite the year, supposing the 
year to begin on March i ; so that, for example, January and February 
1829 are to be considered the last two months of 1828. From this 
quantity subtract the angle opposite the given day in Table II., adding 
360°, if necessary, to avoid negative quantities. An angle between 0“ 
and 360° will be obtained, which will come under one of these four 
cases. 

L Between o'" and 90°, — The sum by which it exceeds 0° will be the 
W. longitude of the Morning Terminator. 

II. Between 3 6 o'* and 270°, — The sum by which it falls short of 360'" 
will be the E. longitude of the Morning Terminator. 

III. Between 270*^ and 180°, — The sum by which it exceeds 180° will 
be the W. longitude of the Evening Terminator. 
lY. Between 180'’ and 90°, — ^The sum by which it falls short of 180° 
will be the E. longitude of the Evening Terminator. 

Example i. Required the position of the terminator on August 6, 
1875, at midnight. 

In Table I., opposite 1875, is the angle . . 163® ii' 

In Table II., opposite August 6 , is the angle . 134'’ 55 ' 

Subtracting .... = 28° 16' 

which comes under Case I. Thex’efore the Morning Terminator is in 
28° 16' W. longitude. 

Example 2. Required the position of the terminator on January 23, 
1872, at midnight. 

In Table I, opposite 1871 (it being January), 

is the angle . . . . . • 333° 52' 

In Table II., opposite January 23, is the angle 45“ 34' 

Subtracting . . . . = 288° 18' 

which comes under Case II. Therefore, as 360° - 288° 18' = 71“ 
42', this is the E. longitude of the Morning Terminator. 

Example 3. Required the position of the terminator on April 30, 
1842, midnight. 

In Table L, opposite 1842, is the angle . . 118° 17' 

In Table II., opposite April 30, is the angle . 1 7° 30' 

Subtracting .... = 100° 47' 

which comes under Case lY. Therefore, as 180° - 100° 47' = 79° 13', 
this is the E. longitude of the Evening Terminator, or it is a day before 
New Moon. 
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If It IS required to find the position of the terminator foi some time 
before or after midnight, it is only necessary to make a corresponding 
alteration in the angle opposite the day m Table II Thus, for April 
•3 0 9 PM, the quantity 17° 30' opposite April 30 must be diminished 
byAorlof the difference {if 30' - 5° ^ 7 ' = 12“ 13') between the 
values for Apiil 29 and April 30, 01 nearly 1° 32' It will be, therefore, 
I 58', instead of 1 7° 30' Without material error, it may be supposed 
that the terminator travels towards the E. at the rate of 30 5 per 
hour, and its position computed by adding or subtracting this amount, 
multiplied by the numbei of hours it is past or befoie midnight 



LUNAR ELEMENTS 


Moon^s mean apparent diameter, 

Moon’s maximum apparent diameter, . 
Moon’s minimum apparent diameter, . 
Moon’s diameter, in miles, . . . . 

Volume (earth’s = i), 

Mass (earth’s = i), . 

Density (earth’s = i), 

Surface area, about 14,600,000 square miles 
(earth’s surface area, 196,870,000 miles) ; 
Earth’s surface area = i, moon’s = 


31' 8 ". 

33' 33"-2o. 

29' 23".65. 

2163 miles. 

?\t.2 0 0^' 0-°2033- 
5T..10 0.0128. 

0.60419, or 3.444 the 
density of water 
(water being unity). 


About or 0.07407. 


Action of gravity at surface, . , . 

Surface of moon never seen, 

Surface of moon seen at one time or another. 
Synodical revolution, or interval from new ) 
moon to new moon (commonly called a V 
lunation), . . . . . . ) 

Sidereal revolution, or time taken in passing ) 
from one star to the same star again, . / 
Tropical revolution, or time taken in passing ) 
from “ the first point of Aries ” to the / 
same point again, . . . . ) 

Anomalistic revolution, or time taken in pass- ) 
ing from perigee to perigee, . . J 

Nodical revolution, or time taken in passing ) 
from rising node to rising node, . . / 

Distance (mean) in terms of the equatorial ( 
radius of the earth, . . . . ( 

Distance in miles (mean), .... 
Distance, maximum, ..... 
Distance, minimum, ..... 
Mean excentricity of moon’s orbit, 

Inclination of moon’s orbit to the ecliptic ) 
(mean), . . . . . . J 

Inclination of moon’s axis to the ecliptic, 
Inclination of moon’s equator to the ecliptic, 
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0.16489 or of the 

earth’s. 

0.4100. 

0.5900. 

29d. i2h. 44m. 2.684s. 
29*5305887 days. 

27d. 7h. 43m. II. 54 SS- 
27.3216614 days. 

27d. 7h. 43m. 4,68s- 
27.321582 days. 

27d. 1311. x8m. 37.44s. 
27.55460 days. 

27d. 5h. 5m. 3S.81S. 
27.21222 days. 

60.27. 

238,840 miles. 

252,972 miles. 

221,614 miles. 
0.05490807, 

5 ^^ 8 ' 39 ". 96 . 

87° 27' 5 r". 

1“ 32' 9". 
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Maximum libiation in latitude, . 

Maximum libration in longitude, 

Maximum total libration fiom earth’s centre, 
Maximum diurnal libration, 

Angle subtended by one degree of seleno- 
graphical latitude and longitude at the 
centre of the moon’s disc, when at its 
mean distance, 

Length of a degree under these conditions, . 
Selenographical arc at the centre o£ the 
moon’s surface, subtending an angle of 
one second o£ arc. 

Miles at the centre of the moon’s disc, sub- 
tending an angle of one second of arc, 

Period of similar phase. 

Or, more accurately, 


6° 44' 

7^45' 

10° 16' 

1° i' 28'' 8 

1 16" 566 
1 8 871 miles 


j-i 139- 

[ ^^d ih 28m = 2luna- 
\ tions 

j 442d 23h =15 

\ tions 


* It must beremembeied that this value hrnci cased, in departag hom the oentre, 
in the proportion of the secants of the angular distance fmm the centre 
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a book as tins , but it lequircs no voiy close examination to show 
once take a foiemost place among woiks of its kind, and will fonn a valuable acquisi- 
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WHAT WE SA Y 
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2. Title. — By the Title which we have given 

it we claim that, unlike many “ New ” Atlases, 
this is not an indiscriminate collection of Maps 
and fragments of maps which have for years 
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been bui^t ".p nn a considered system, 

and tiiM (.■■•■(.■ly M .i • ji.- i een specially con- 
struct o‘l I .'i io ; . ■» : JO : the general plan. 

3. Scope. — f'lr S'! of space would 

allow, wci- .VL-fCu. h:, !• ! all 

ments o:' G.-ijt.,’. hi.: 

Physic..! ()co_;'i,p. w. [}. r‘..c n.-.u d:':ior. 
of every or: or iir.i!.'-: i i ,} and in- 
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9. The General Idea which has governed 
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a body of matter so ordered that those contrasts 
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study of high disciplinary value may be easily 
and clearly demonstrated. 
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index.” 
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index of twelve thousand places.” 
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bution to the efforts which are being made to 
raise Geography from its low estate.” 
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19. GEOSCIENCES APPLIED TO LUNAR EXPLOEATION 189 

Aligned groups of such cones in the Jordan Valley volcanics, Oregon and 
at Lakagigar, south central Iceland, are shown in Figs. 16 and 17, resjiec- 
tively. These crater alignments are similar to those on the Moon particularly 


Fkj. hi Spaiter cono alignnioni, Jordan Valley, 


in the rcvlationship of aji alignment of small craters to a large one. Figures 1 8 
illustrates the relatiouship of crater alignments tmujantial to a parent crater. 
In the Jaident crater area in Iceland, and in many other places on Earth, 
this reJationship is ([uite normal inasmuch as volcanic craters and calderas 
are localized by fractures which are often tangemtial to the crater outline. 
In oth(vr words, fracturi^s often serve to define a jiolygonal jdate which is 
subsequently engulfed or otherwise fragmented l)y volcanic activity. Tlu^ 
fractures may subsequently provide zones of weakness along which extrusives 
may issue. 

Thus, a fracture that formed the boundary of a large crater could also 
provide a locus for an alignment of smaller craters which would })C tangential 
to the parent. An excellent example on the Moon is the crater row forming 
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the boundary of Miiller and extending into the nortlie.ni segment ofthc^ walled 
plain Ptolemaeus. The tangential alignment of craters on the Moon is a 
feature in strong support of the volcanic origin of the lunar surface and the 
attendant terrain and mineralization advantages. .For a review of Umar 
crater alignments see Boneff [15-18]. 



Fi(5. 17. Crater cone aligiimont iu Lakagiga r. 

The most imf)ortant groups of surface structure's that might, sca’va^ as 
natural installation sites on the lunar maria are lava tuh(\s and (ta vi's. Figure* 
19(a) illustrates a classic example of a cave in basaltic^ lava in tin* Dim- 
mu borgir region of Iceland. The cave diameter is 5 m. Tin* roof of this cave 
is not excessively fractured (Fig. 195) and could easily sc'aknl. One siieli 
sealant might he a natural waterless cement sulfur. Sulfur is tlu* most 
abundant volcanic sublimate. Granting an adecgiate powt^r and gas source, 
the plasmatron might also be used in vacimiti to s])ray molti'u rock to fill 
fractures in natural rock cavities. Caves and lava tuh(\s (ionld thus be used 
as pressurized chainhers which would afford fxrotecition against mi(iro- 
meteorites and temperature, pressure and radiation extrem(\s. 





Fig. 18. Comparison of tangential crater alignments on Earth and on the -Moon, (a) Iceland (volcanic crater), (6) Albufeda. 

(c) Pitatus. Courtesy of Dr. S. Thorarinsson. 
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Fig. lJ)(a). .Basaltic lava cave, Dinimuborgir region oflcelaud. 


The most imposing features of the non-mare areas are the craters, clc^fts 
and valleys. Each of these offers terrain benefits in varying degrees of signi- 
ficance depending on their method of origin. Even if only a small ])roportion 
of lunar craters are found to be volcanic, it is still of high im])()rtanc(‘ to 
seek them out. Features observed in and around lunar craters, width arc 
suggestive of a volcanic origin, are given in Table 3. 

The use of high-resolution altitude television scanning tech.ni(|U(‘s will 
undoubtedly resolve many of the questions regarding lunar cratcu’s. For 
example, the fusion area of lunar craters deserves mort^ scrutiny. Similar 
features in the Nejapa area, Nicaragua, have been studied by McBiruey [ 19 J. 
The fracture pattern in controlling crater distribution may also be (lelined 
by an altitude television survey. On Earth these patterns aid in regional 
interpretations of, say, distribution of calderas or in local tectonic analyses 
of arrangements of spatter cones within calderas [20-23 ]. 

Other features deserving study include the mud volcanoes that arc 
secondary phenomena of solfataras [24], radiating dikes and ring fissures [25], 
certain odd-shaped pit craters [26], lava deltas [27], and flow patterns of 
nuees ardentes [28]. Details of morphology of a polygenetic volcano, such 
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.Kin. Dotail of cavc^ roof. 

Tabll 3. ()nl(lera FoRturc^s Found in LiuniP Crateis 


N^iniber 


Feature. ohmrved 

l\)Iyg()nal shapes 35 

(Icnitral mountain 334 

dcmtral crater 43 

McMlian 36 

Pressure ridge 48 

Dark floor 33 

Him ‘‘ dik('s ” and radiating structures 30 

Intcnud faulting (incl. tc^T’racing) 350 

Ereacihing 40 

1 java infilling 10 

Changers (e.g. mist, lava flow, eruption) 15 

Alignments l^Of 


t Eacli entry includes alignment of many craters. 



194 


J. GREEN 



(a) 



(h) 


B'ro. 20. Morphological fbatui’es of mountains in lunar crators cotnixan'd with vol<*an(H'H 
in fceiTostrial caldoras. {a) Noncentral mountain in RogiomontanuH A (Idioio courtcHy 
of Dr. Z. Kopal, Pic-du-Midi Observatory), {b) Central mounta,in in IhhaviuH (Photo 
courtesy of Dr. A. Dollfus, Pie-du-Midi ()l)s(u-vat.ory). 
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(d) 

Eio. 20. (c) Noiieontral cinder (‘.ono of Molaiaweowoo Caldora., Hawaii in 1940 (Photo 
conrtosy of National Geographic Magazine), {d) Ot antral mountain, Awo('i Caldera, Java 
(Photo courtesy of Dr. K. W. van Bommolon). 
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as Shiveluch in Kamchatka, are most germane in defining volcanic forms on 
tho Moon [29]. 

Central volcanoes in calderas also have specific features potentially idc^nti- 
fiable by a television surface survey. Baldwin ([30], p. 147) states that lunar 
central mountains do not look like volcanoes within calderas; however, such 
is not the case. The lunar central mountains are not always central, as 
illustrated by Eegiomontanus A in Fig. 20. In addition, tho sha])ea of the 
central mountain within lunar craters range from the crisp centi*ally ])itted 
volcano-like mountains (also demonstrated in Regiomontanus A) to the 
irregular non-descript accumulations in craters such as Petavius. Tliis range 
in form is duplicated on Earth within calderas (Fig. 20). With the variety 
of rook t37pes in volcanic terrains, the complexity of fracture patterns and 
the variables involved in volcanic activity, this range in size, shax)c and dis- 
position is quite normal. 

Studies of central cones in the Aso crater, Japan, show them to be of 
two types: (1) distorted diamond shaped, presumed to have been foi'ined in 
an early period of activity; and (2) elliptical, formed in a later i)oriod of 
activity. Another Japanese volcano, 6-Shima, warrants study in the light of 
future surface examination of the Moon. Within the main caldera of O-Khiina 
are numerous cones and craters arranged roughly in three narrow zonevs 
radiating from the center of the main body to the north-west. This geometry 
is similar to that of Cleomedes on the Moon. 

Terracing can conceivably be characteristic of both impact and volcanic 
crater types, although the horizontally floored terraces are good arguments 
for lava withdrawal processes rather than gravity slump of impact blocks. 
Photographic evidence of lava draining back into a parent fissure [31 | 
stresses the validity of the magma withdrawal processes at depth. EsehcM* [32 ] 
believes that the multiple concentric rim seen in terrestial calderas is a key 
volcanic feature in lunar craters. 

Finally, the ratios of crater depth to width, the central peak ht>ight to 
crater depth, and the central peak height to crater width would do muc^h 
to support or refute the Baldwin approach to problems involving origin of 
lunar craters [30, 33]. Data plotted for these parameters from t(descopic 
observational data are ambiguous. The scatter of points may i*eprcscnt ( 1 ) 
later volcanism in earlier formed calderas, which would tend to shallow thorn ; 
or (2) unreliable lunar altitude data, which mask a diameter depth relation- 
ship indicative of the impact mechanism of origin. 

In the field of tectonics, present astronomic resolution cannot d(‘fiiu^ the 
discrete fracture patterns that conceivably may bound many lunar cratc^i-s. 
However, lunar surface television scanning could possibly jn-ovide this 
structural detail, which could be compared with the stiuctural gc^ology of 
terrestrial calderas. For example, the main volcanic vents of tho Azorc^s on 
Earth, including the Aqua-de-Pau on San Miguel, Cino Picos on T(u*(uiii*a, 
and Fayal, are calderas which lie in the center of a spiderweb fracttirc^ 
pattern formed by the combination of radial and concentric features [20 J. 
There is a suggestion of radial and concentric featiu’es sun’ouuding many 
lunar craters, and the pattern is certainly present on the borders of most 
maria [34]. 

Tectonic activity could have produced the lunar rays. Recent horizontal 
movement could expose silicic ash in a tangential or radial pattern to craters. 
Structural movements along zones of weakness could also incur volcanic 
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activity alou*!; tlicsc zones which would produce linear and discontinuous 
ash deposits. I he kinetics of ash formation on the Moon may be quite 
diBcreut from tliose on Earth in view of the difference in depth and rapidity 
of huh lie nneliuition. Verhoogen [SSJ has stressed this point in explaining 
the dillerwu-es in teri'estrial volcanic ash formation. Natural barriers such 
as pri'ssiirc' ndges would also control the distribution of volcanic ash possibly 
prodiuicd by lunar craters as first elaborated on by Spurr [36], Rays com- 
posed of debris iqeeted over tremendous distances by impact, and yet co- 
incident with the statistically abundant on-ray craters, are difficult to 
undc'rstand. hurfaee television scanning of rays would do much to determine 
their origin. 

llie (iTiestion of fokliKl mountain systems versus block faulted ranges [37, 
3SJ could possibly be rc^solved by lunar altitude television techniques. High- 
lesolut'ion ?iltitucl(‘ surveying may also be applied to differentiating meteor 
goug(^ vaileys i'vom rift valleys associated with volcanic apparatuses [39]. 
Probably tlu‘ pix^sence of rhyolite domes, as exemidified by the Hlidarfjall 
<lomt‘ in Iceland, could be verified by high-resolution surveys. 

Again in th(‘S(‘ non-mare surface features, natural protection against the 
elenuads would b(^ providc'd by overhangs and caves associated with at least 
live structures: (1) central cones within calderas; (2) pressure ridges on 
caldera floors; (3) major and minor faults attending localization of 
caldera, s ; and (4) the ma,jor rift systems such as the Hyginus, the Triesnecker 
or the Sirsalis. 

IVnOTKORlTlO 'PniiRAIN FRATII RKS 

On the otluu- hand, a terra, in that has ])een impacted shows none of the 
featur(‘s diseu.sst‘d ab()V(\ .higure 21 of the Meteor Crater, Arizona, illustrates 
th(^ flat floor typi(^a,l of all terrestrial meteor craters and the absence of 


Fin. !21. Interior view of Meteor Crater, Arizona. 



Fig. 22. Steep dips in rim sediments produced by impact of Meteor ('ratin’, Arizona. 


Caution must be exercised in appealing to the lunar surface tcdevision 
scan to solve unambiguously the volcanic versus impact mechanisms of 
origin. In Pig. 21, for example, an internal view of Meteor Crater, while 
admittedly lacking the internal morphology of a caldera, also fails to disclose 
the rim reversal of strata and peripheral breccia zones that can only lie 
observed by high resolution ” inspection [40]. 
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Rocks and Dust 
(a) infall and volcanic dust 

Polarization studies by Wright [41 J verified that the surface of the lunar 
maria is covered with dust. How'ever, various estimates of the depth of this 
dust layer have been proposed. In a model based on the radio-astronomy 
techniques of Dicke and Bcringer [42] and others, a thin dust layer is assumed. 
Whipple ([43], p. 270) assumes the covering to be less than a few meters thick. 

On the other hand, Gold [44], Gilvarry [45] and Wesselink [46] favor a 
very thick dust layer. Gold explains the smooth maria surface by an erosion 
process that creates dust in the highlands, coupled with a transport mechan- 
ism which deposits it in the lower maria. As ])ossiblc physical agents for 
dust transport, Gold suggests an evai)oration-condensation cycle, electro- 
static forces, and, in particular, bombardment by meteorites and micro- 
meteorites. The latter mechanism was advocated by See [47]. Metallic, 
stony and icy meteorites producing this dust would provide a type of erosion 
not found on Plaith. The amount of such erosion of the Moon is as yet un- 
known. 

Gold further suggests that the dark color of the maria surface is due to 
damage by solar X-ray, ultraviolet, and corpuscular radiation. He attributes 
the light color of the lunar highlands to continual denudation. 

Because no })olar homogenization of lunar surface details can be demon- 
strated, however, the concept of a thin dust layer appears more reasonable. 
Imjiact dust would ])resumably be rich in iron-nickel, similar to the particu- 
late inattc‘i‘ dredged from the ocean floor or ])ulverized ehondritic material. 
Such iron-rich cosmic infall material could be used in smelting oi)erations to 
make conductors, castings and structural c^omixuients for a lunar base. 

Pro])onents of lunar volcanism contend that varying (piantities of dust 
would be prodiKK’id by volcsanoos. This is because of the sustained evolution 
of dust during the eruption cycle which often varies in duration. The amount 
of dust resulting from impact would probably bo less by comparison. 

In the absence of a lunar atmosphere, layering of any ty])e of dust would 
be more poorly defined than on liarth because both coarse and fine material 
would settle e(iually as fast. Marked heterogeneity would be common in 
accumulations of both ])yroclastics or moteoritic rubl)lc. However, if volcan- 
ism wen^ the dominant source of lunar ejectamenta, intercalations of fine 
ash and dust would be formed during those pciriods when only this ash or 
dust was l)oing expelled from volcanic vents. Therefore, from the recurrence 
and periodicity of volcanism within a given caldera, volcanic strata could be 
distinguished from impact rubl)le strata. Because of the absence of erosional 
l)roecsHes in th(^ vicinity of lunar craters a higher degree of (iontinuity of 
either iin])act or volcanic strata should be evidenced in tliese areas. 

Ijocal accumulation of thick dust layers is possible in the non-mare areas 
according to the volcanic theory. Such accumulations are common on 
Earth, for example at Haricutin, Mexico (Fig. 23). Thin dust layers, thicken- 
ing in topographic l)asins near ])ost-marc craters, arc ])redicted for mare 
areas. In explaining either the impact or volcanic hypothesis, the author 
assumes that the maria arc basaltic. The imj)act mechanism of crater origin 
would produce a thicker dust layer on the crater floor than on the crater 
flank, which is quite the oj)posito effect in volcanism. Again, the maria 
would have a thinner dust cover if basaltic rocks were formed l)y molting of 
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impacted material. However, creation of basalt by impact melting cannot 
be demonstrated on Earth. 

Einally, temperature cycling from 134 to —150° C would produce surface 
dxist from exposed rocks by spallation processes. The sx)aIlation mechanism 
is self-limiting, and consequently this also requires that the dust layer be thin. 

The use of this volcanic dixst in various technological processes will be 
detailed in a later section. 



Fi(a 23. Detail of baHaltic dust, ash, and lapilli layering, Pa,ri(^iii in, JVI(^xi(*<>. 


(b) volcanio bocks 

Many volcanologists believe the black portions of the Moon are basaltic 
and the white portions are silicic. The specific rock names ultimately to be 
a])j)Iied to these great areas on the Moon will undoubtedly be nmny. Ihisaltic 
roclcs cotild include basalt, tholeiite, diabase, dolcrite, te[)hrite, basanite, 
and tachylite; the particular name assigned would depend on minei’alogy 
and texture. They are, in general, fine-grained, dark-colored rocks, ])oor or 
lacking in quartz, rich in calcic plagioclase feldspar and with varying amounts 
of olivine, pyroxene and, in some varieties, feldspathoids. 

Silicic extrusive rocks would be named in a similar mannei*; a simplified 
classification of these light-colored, fine-grained rocks being as tbllows: 


Much quartz Minor quartz 


K feldspars abundant : rhyolite trachyte 

Ca feldspars abundant : dacite andesite 
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Photometric and spectrophotometric studies by Barabashev and 
Chekirda [48] indicate that pyroclastics and other volcanic rocks make up 
the lunar surlace. The lunar spectra were compared with those from ter- 
restrial rocks. Comparisons were mtrde relative to (1) brightness of integral 
light, (2) reflection coefficients for different regions of the spectrum, (3) the 
energy distribution on the si)ectnim, (4) a “ smoothness ” factor, (5) varia- 
tion of the degree of pohirization as a function of the angle of incidence and 
reflection and phase angles, and (6) thermal conductivity. Additional com- 
parisons were made with teiTcstrial rocks of varying grain size which were 
irradiated by ultraviolet rays, X-rays and i>rotons in vacuum and fused at 
atmospheric pressure and vacuum. 

Certain volcanic rocks tested by Ahrens, et al. and reported in Bmn- 
schwig aL [49] have relative j)crmittivitics (dielectric constants) apj)roach- 
ing those obtained for the lunar surface baaed on electromagnetic surveys 
conducted by the Univemity of Michigan Radiation Laboratory. The relative 
permittivity of the lunar sui’face is fouml to be 1 *08 ; that of rhyolitic pumice 
from Millard County, Utah, is 2*29. Tliis value is the lowest recorded by 
Brunschwig et al, ([49], ]). 59) and is much lower than values obtained for 
meteorites. 

The volcanic nature of the lunar rocks has been ui)held by volcanologists 
for dcciwles. The apjx^al to mechanisms such as clcotrostatio winds, which 
have no counterpart on Earth — but even more critical, the frequent neglect 
of generally operative gcnvlogical processes that do occur on Barth — is difficult 
to understand. Production of basalt by passive cxtioision tlmough fractures 
created by internal stresses can be demonstrated for almost all basalt basins 
on Earth. SpuiT [3b] wished to create the lunar maria by the wholesale 
foundering of a ixntion of silicic ciust in a basaltic substratum. However, 
many other volcanologists, including von Wolff and Billow, propose the 
formation of the lunar maria by ui)welling of basalt through fissure and 
fracture systems that localize^ the mare basins. 

The lunar maria are assumed to be basaltic or a variety of basalt, betsause 
it is the most abundant dark-colored volcanic extiusive on Earth. More- 
over, basaltic lava is among the most fluid of rock-melts. The viscosity 
approximates 100 poises at 1300'* C. However, the flow mechanism is usually 
non-uniform. A single lava flow may consist of several flow units, and lava 
may flow in a series of spurt.s rather than at a constant velocity ([50], p. 315). 
A few hours or days after the lava front ccwiscs to move and is consolidated, 
more liquid from the same flow may bury the lava that huis already stopped. 
This process may be ripeatod several times and what is chilled a “ single 
eruption is actually composed of several flow units [51]. 

Individual flows may differ greatly in size. Some arc only a few meters 
thick, and flows more than 90 m thick arc rare. For example, the avtu'ago 
thickness of lava flows in the Columbia Plateau of north-westein United 
States is probably less than 15 m; in India, I)aflaltic flows average less than 
18 m; and in Iceland, the average flow is 4 to 9 m thick. The area may be 
a few acres or many square miles. In Iceland, single flows covering more 
than 259 square kilometers are known, and one flow is said to encom])ass 
1040 square kilometers. 

One of the paradoxes of volcanic phenomena is the diversity of products 
resulting from the consolidation of a megascopically uniform lava. Two 
distinctive forms, known by their Hawaiian names as pahoohoo and aa 
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(Figs. 24 and 25), are important to consider from the standpoint of hinar 
vehicle landings. The most obvious characteristics of pahoehoo lava are a 
low gas content, high viscosity and surface continuity (when solidified). The 
aa lava has a high gas content, low viscosity, mobility and a broken surface 
(when solidified). 



Fig. 24. Pahoehoe lava, Jordan 


The term “ surface continuity ” does not mean flatness, but rather a 
continuously overfolded globular, ropy or flat formation which ])re vents 
radiation from the hot interior and maintains its fluidity. A fiat level area 
may result from laking and crusting. In cross-section, th(^ ])ahoehoc crust 
tends to have a three-fold structure: (1) an upper vitreous surface layer 
resulting from rapid cooling; (2) a crystalline layer ])elovv this; and (3) in 
areas of subsequent subsurface drainage, a stalactitic lower zone. Sometimes 
the pahoehoe lava presents a fractured mosaic surface such as that in the 
Vesuvius area ([52], p. 50). 

The characteristic features of aa lava are its greatc^r fluidity and lower 
temperature. These two factors promote the crystallization of rock-forming 
minerals. Feldspar, mostly labradorite, crystallizes out first and enriches 
the melt in more mafic constituents. This tends to increases further the fluidity 
of the lava. The increased fluidity promotes internal molecular mobility, 
inducing even more crystallization. The production of crystals provides 
nuclei for the formation of bubbles. The bubbles tend to coalesce at the 
angular corners and points of crystals, thus creating large vesicles typical 
of lava. Pahoehoe lava, on the other hand, is not characterized by feldspar 
or augite phenocrysts ; it is more glassy. This characteristic is confirmed by 
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thiii-soction pctrogfaphy, a highor IciToiis/feiTic ratio, and a lower density 
than the more ciystalline aa lava.. 

A second factor favoring the high fluidity of aa lava is its slower cooling 
rate. This effect is })ro(hiced by the increase in temperature due to the latent 
heat of crystallization of ininei'al })ha.ses. The inci’ease of tein]>erature thus 
produced tends to diminish the slope of the cooling gra, client ([03 J, ]). 402). 

The very geneiution of a (Tystalline])hase increases thc^ relative concentra- 
tion of tlie gas phase which promotes a low matrix viscosity of the crystallized 
aa blocks. These conclusions aiP sup])orted by fic'lcl observations. The high 
gas content of aa lava ])roduct's a flow similar to a moving stone wall ” 
accompanicAl by loud roaring and hissing sounds. Numerous flames play on 
the advancing fi'ont and top surfaces; noxious fiimes are also present. On 
the other hand, })ahoehoe although it is fairly fluid on extrusion, increases 
in viscosity rapidly with increasing distance of flow. 

If ]>a.hoehoe lava contains much gas other than that in tiny vesicles, the 
gas will emerge, agitate the lava iicpiid and jyrevent the formation of the 



Fjcj. 25. Aiidositic aa lava Hold, San Bonedieto Island, Pacific Ocean. 
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typical pahoehoe skin (Fig. 26). For example, during the July 1911 lava 
eruption in Halemaumau, Hawaii, gases escaped in lava fountains, resulting 
in gas-impoverished lavas so that pahoehoe surface structures were formed. 
On the other hand, gas-charged lava at Vesuvius produced aa lava. The 
rapid supply and escape of gas from such a lava enhance exothermic crystal- 
lization and produce rigid blocks, even though the lava stream moves 
quickly. 



1^10. 26. Ropy surface typical of pahoehoe lava near Mordubreidarliiidir, (*eutral 

Iceland. 


If the great expanse of dark-colored rock on the Moon is l)asaltic, it 
might indicate a lava of high fluidity typical of the l)lo(;ky aa ty])c. The 
variation of external temperatures would probal)ly influence cooling rates 
only to a trivial degree. However, frothing would be enhanced by the lesser 
gravity and external vacuum. 

Chemical composition does not appear to influence the texture of lava 
because pahoehoe forms easily from ultramafic Hawaiian lavas. From mafic 
Vesuvian lavas, it forms less easily but nevertheless does form. It is even 
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produced in the more viscous basalts of Etna and in the andesites of Saku- 
rashima. Two other features of aa lava include a central core that remains 
intact until the lava mass disintegrates on cooling and a greater topographic 
elevation as compared with pahoehoe ([52], p. 54). 

(C) ROCK TOOTHS 

Inasmuch as extrusion of a silicate into vacuum would tend to produce 
surficial high gas activity, the blocky, rough surface aa lava may possibly 
represent the more dominant form of surface lava on the Moon. A larger 
vesicle size and a general dominance of rock froths in and on the aa lava 
flows are also considered more likely on the Moon. This is because molten 
silicates intumesce and become frothy when extruded into a vacuum. “ On 
the moon, with an essential vacuum at the surface, the unit bubbles of the 
escaping gases woxild be greatly inflated and enlarged, so that the mare sur- 
face would bo honeycombed on a scale foreign to our experience ; thus the 
absorption or lack of reflection of sunlight becomes clearer.*’ ([36], I, p. 258.) 

Rock frotlxs would bo common products of such explosive eruptions. 
They can produce either in the laboratory or in the field by extrusion of 
gas-charged melts into environments of low pressure. It is believed that 
the vesicle size of rock froths on the Moon would be a function of the amount 
of gas present in the lava, the lesser gi‘avity, and the viscosity of the lava 
at the temperature of chilling. Consideration of all these factors leads to a 
prediction of a much greater abundance of rock froths on the lunar surface 
than on Earfh and a larger vesicle size in any given oxtiiisivc. 

The crushing strengths of rock froths are poorly documented in the litera- 
ture, An average crushing strength for pumice is 140 kg/cm but the ratxge 
varies from 14 to 84()kg/cni2, Lunar silicic froths may have very low 
strengths. One mxist bear in mind, however, that a mass which exerts, 
say, 14 kg/cm2 on Earth will be six times heavier to exert this same force on 
the Moon. The cnishing strength for basalt ranges from 1260 to 3100 kg/cm^. 
Thus, 18(K)0psi may be a more realistic vahie for lunar scorias. Certain 
typos of scoria (Fig. 27), such as thrcadlace scoria or reticulito, may have 
crushing strengths below 1()‘5 kg/cm**^. Hence, we may be faced with a 
paradox that, for certain areas on the Moon, the shear strength of the rock 
froth layer may be less than the dust layer overlaying it. 

Rock froths could bo utilized as insulation and as a possible source of 
atmospheric gases. Because of their cellular structure, they may be easily 
worked to provide building or cap materials, for installation sites. Their 
extremely high ])<)rosity, which can exceed 25%, may su})ply a source of 
nitrogen or carbon dioxide by simple mechanical crushing of these rocks. 
As mentioned above, their cnishing strengths are low. Gas extraction for 
the manufacture of an artificial atmosphere is qualitatively simpler than the 
dissociation of the bulk rock into cations and anions using high-energy and 
fluid-consuming techniques such as the plasma flame provides. 

(d) oast basalt 

The use of basalt in the Czechoslovak Glass Institute at Hradec Kr41ov^ 
has been the subject of several recent publications. VoldAn [54] cites the 
use of specific basalt types, particularly the pyroxene-rich varieties, in the 
manufacture of structural components — even i)ipes and castings (Fig. 28). 
The technology of casting basalt has been summarized by Vloek [65]. Basalt 
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aggregate, 8 to 15 mm mesh, is used as raw material. This is at 1300 

to 1350° C in shaft furnaces fired with producer gas, similar to the open- 
hearth furnaces commonly used in steel works. The molten matcM*ia.l is then 
channeled into a homogenizer drum. Here, with slightly reduced and con- 
trolled temperature, crystallization begins. The casting process which follows 
is similar to that used in metallurgical production, with cei’tain dillcn’ences 
required by the greater viscosity of the material and the iu‘(^d to ])r(wcnt 
vitreous solidification. 

Centrifugal casting of basalt in metal molds rotating at sp(‘eds up to 
900 rpm has resulted in products of superior quality. milling halls, 

mill linings, and other articles requiring high density may be i)r<)duc.ed by 
this method. The chief valuable quality of cast basalt is its outstanding 
resistance to abrasion. A synopsis of the proposed National Standard for 
cast basalt in Czechoslovakia is presented in Table 4. 


Table 4. Czechoslovak Proposed National Standard for ( -ast Jiasaltf 


Oxide 

Ghemical analysis 
(%) 

Oxide 

fHiimiml amdysis 

Si02 

43.5-47.0 

MnO 

0-2- 0-3 

Ti02 

2-0- 3-0 

CaO 

1 ()•(>- 12-0 

AI2O3 

11-0- 13-0 

Na20 

2-0- 3-0 

Fe203 

4-0- 7-0 

K20 

2-0- 3-0 

FeO 

0-6- 8-0 

H20 

1-0- 2-0 

MgO 

8-0-11-0 

P205 

0*5 - M) 

Physical property of statistically or 

Obligatory 


dynamically made crystallized 

wmimnvh 

A 

castings 




Density (g/cu cm). 


2-90 -2-9() 

Hygrosoopicity (%) 


0-1 

Tensile strength (kg/sq cm) 

2S0 

:«)(> 

Compressive strength (kg/sq cm) 

46(M) 

nrm 

Bending strength (kg/sq cm) 

4tK) 

4(>() 

Moh’s hardness 



s-r) 

Grinding hardness (sq cm/cu cm) 

1900 

22<M) 

Young’s modulus (kg/mm) 


1 1000 

Specific heat (kcal/kg °C) 


0-2 

Heat conductivity (kcal/sq m/hr °C) 


0-7 

Linear thermal expansion coefficient 



0-100 “C; 1/°C 



77 -10-’ 

0-400 “0; l/'C 



H()-10-7 

Thermal shock resistance (°C) 


irH) 

Surface resistivity (ohm-sq cm/cm) 


1 X 1012 

Internal resistivity (ohm-sq cm/om) 


1 X 1011 


t Taken from Vlcek [56]. 
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(B) METEOIUTIC MATERIALS 

A vast literature exists on meteorites [56, 67]. According to Kennedy 
([^^]> P’ ■^01), meteorites arc classified into five major groups. These groups 
arc the irons, pallasites, the meso-siderites, chondrites, and achondrites. 
However, many meteorites contain iron sulfide (troilite). Troilite meteorites 
may he considered a sixth group of meteorites, while ice meteorites could 
conceivalily constitute group seven. The siderites or iron meteorites are 
made up of approximately 90% metallic iron and about 8-6% nickel, similar 
in coin])osition to low-grade stainless steel. Pallasites are predominantly 
metallic ii‘o,n an<l the common rock-forming mineral olivine, a magnesium 
iron silicate. Meso-siderites contain two other rock- forming minerals, 
pyroxene^ and folds])ar. Chondrites and achondrites are termed the stony 
meteor it c^s evcui though chondrites contain about 14% nickel-iron and 
achondrites about 2*/^ iiickcl-iron. Both types are essentially silicates of 
cal(*.ium, magnesium and iron. The chondrites are characterized by a peculiar 
textural f(‘atiire — the chondrule — ^which is a rounded grain or aggregate of 
olivint'- or enstatite. Other differences also exist between the chondrites and 
achondrites. 

Sytinskaya [691 propoHes a volcanic slag on the Moon created by meteor- 
itic iinjuiet. The resulting slag material would be dark colored due to the 
de(‘.on)iposition of silicates, such as olivine, and the formation of black iron 
oxi(l(^H. Sytinskaya fiu-ther states that the slag is darker on the lunar maria 
becniuso the original rocks there contained more iron than those in the non- 
marc^ areas. This hyi)othosis is based on photometric, colorimetric, and 
polarinu'tric investigations. In an impacted lunar terrain, therefore, one 
would expect to fiiul large quantities of nickel-iron which would of course 
be \isef\d in lunar base technology. According to H. C. Urey, the ratio of 
almndaneciH of iron, sulfide and stony meteorites is 10-6 :7 :100. On this basis 
coiisi(l(u*al)ly more nu'teoritio iron debris would be present on the light- 
colon^cl (cratered) highland areas of the Moon if these craters have been 
formed by impact. 

If the lunar surface were completely lacking in volcanic rocks, chondrites 
could possibly be iised as an alternate source of oxygen. Kaiser and Komirek 
are conducting studies on this subject at New York University. Using a 
hydrogcMi r(^(luction techni<iuc. at 1000° C they have found that 3 to 4 kg of 
oxygen may ho obtained from each 100 kg of chondritic or other stony 
meteorites. It has also been estimated that, at 1800°C, each 100 kg of meteor- 
itic matcu'ial would yield 16 kg of oxygen. Unfortunately, this technique 
depends on a substantial source of hydrogen for oxygen extraction. Com- 
pared with the rock froth cnishing method discussed above, much larger 
quantities of energy would also bo required. 

Mineralization 
(a) voloanio mineralization 

If it exists on the Moon, volcanic mineralization would probably involve 
the same elements which are concentrated in sea water on Earth. This 
reasoning is based on the defluidization process endorsed by Kubey [60] and 
Poldervaart [61]. The defluidization h37pothesis maintains that submarine 
volcanisrn on Earth has enriched certain elements in sea water and has even 
supplied part of the water. Water resulting from an analogous defluidization 
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process in the lunar interior has obviously escaped. However, one might ask 
what has become of the elements that could have been similarly enriched in 
volcanic vaj)ors contributing to a pre-existent lunar hydrosphere. 

In order of abundance on Earth, the excess volatile materials in the 
present atmosphere, hydrosphere and sedimentary rocks are H 2 O, C in 
CO 2 , Cl, N, S, H, and the gioup B, Br, Ar and P. Of these elements and com- 
pounds, those more likely to be found in the sunlit i)OT‘tions of thc^ Moon 
would include H 2 O, CO 2 , Cl, N, H, and F. However, because of the small mass 
of the Moon (l/80th that of the Eai*th), elements and compounds of high 
vapor x-)ressm’e would soon evaporate. The fugacity and x)hotodec()mposition 
of ammonia and methane would also preclude their concentration on the 
lunar surface. However, the author believes that the elements given in 


Table 5. Elements Possibly Enriched in the Lunar Surface 


Ppm supplied to 
sea ‘Water from 
Ele‘)yient ignecncs rocks 

Ppm iti 
sea water 

Per cent 
transfer 

Neutron -mpture 
cross-section 
(barns) 

Chlorine 

138 

19000 

13800 

33 

Bromine 

1-1 

65 

6000 

m 

Argon 

0-024 

0-6 

2500 

0-6 

Sulfur 

540 

900 

170 

0-49 

Selenium 

0-006 

0-004 

67 

13 

Boron 

(1-8) 

(4-6) 

(25(5) 

755 


7-8 

4-8 

62 


Iodine 

0-24 

0-06 

21 

6-3 

Fluorine 

396 

1-3 

0-33 

O-OIO 

Antimony 

0-2 

< 0-0005 

< 0-28 

5-5 

Radon 

4x10-12 

9xl0-i» 

0-25 

— 

Arsenic 

1-2 

0-003 

0-25 

4-3 

Cadmium 

0-078 

1-1x10-4 

0-14 

3300 

Mercury 

0-036 

3x10-5 

0-083 

350 

Lead 

10 

0-003 

0-03 

0-17 

Zinc 

48 

0-01 

0-021 

1-10 


Table 5 will be enriched in the lunar terrain compared to the average sedi- 
mentary rock on Earth. Those listed above the solid line in the tiible form 
soluble compomds which are greatly enriched in sea water. Those below 
the horizontal line, although not enriched in sea water, are known to he 
present in terrestrial volcanic areas. 

Four boundary conditions may control lunar mineralization. First, the 
mineral must be able to form as a sublimate in an environment poor or lack- 
ing in oxygen. These would possibly correspond to the ‘‘ closed-tube sub- 
limates of determinative mineralogy tests. Such sublimates include sulfur, 
cinnabar, realgar and many others. The second condition is that if these 
minerals presumably exist in sunlight, they must not i)hotodecompose. 
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relationships of possible lunar volcanic sublimates and emanations. 
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Thus, we are obliged to reject realgar (arsenic monosiilfide) because it decom- 
poses under sunlight to form orpiment and, if oxygen is available, arscnolite. 
Thirdly, we should discard the possibility of those minerals that would melt 
under subsolar temperatures on the Moon. Sulfur may be a borderline case 
with its melting point of 125° C. However, the ability of vaporized sub- 



Fk 3. 30. Sulfur fuinarolo in Ntiinafjall near Lake M!yvatn, huOaiid. 



Fig. 31. Core of sealed fracture in basalt, Pisgah Crater area, California 
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limates to migrate is reason to believe that ininei’alization may concentrate 
in the eternally shadowed zones. The final consideration for lunar mineral- 
ization is vapor pressure (Tig. 29). One sublimate that could possibly exist 
in sunlit areas on the Moon is cotunnite (PbClo) which, incidentally, is 
important in age-dating techniques. 

The presence of chloiides in eternally shadowed zones would substantially 
assist in the maintenance of the lunar base. Most of the other minerals that 
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could form in the absence of oxygen have vapor pressures which predict their 
existence in unknown quantities in eternally shadowed zones (Fig. 29). 

One of the most common minerals found in volcanic areas is sulfur (Fig. 
30). This mineral fulfils all of the previously mentioned boundary conditions 
required for possible lunar mineralization. Mixing sulfur with volcanic ash 
makes for a waterless cement that could be used on tho Moon to seal fractmes. 
It has been possible to seal a fracture in a basaltic lava tube in the Pisgah 
Crater area, California, using only sulfur. Preliminary tests indicate a perme- 
ability of less than a millidarcy at the sulfur-basalt interface (Fig. 31). 
Sulfur and volcanic ash may also be molded into structural forms and insula- 
tion (Fig. 32). Briquettes made from 15% sulfur and 85% volcanic ash have 
rather high crushing strengths of 350 g/cm^. On the Moon, those briquettes 
could sustain a mass that would exert 2100 g/cm^ (Fig. 33). 

(b) water content in lunar sureaob materials 

In the search for critical raw materials on the Moon, no single substance 
is as important as water. From all standpoints — supply of oxygen and fuels, 
maintenance of equipment and life support — a source of water is a primary 
exploration objective. In order of probability of occurrence, the sources 
of water that may be present on the lunar surface or near-surface include : 
(1) chemically bound water (H 2 O+) present in volcanic extrusives; (2) ioo 
in permanently shadowed zones in volcanic fractures and fissures ; (3) water 
of crystallization in volcanic sublimates; (4) permafrost in dust basins; and 
(5) water in carbonaceous chondrites and other rock types. 

From Fig. 29, we note that the vapor pressure of ice at — 150” C, which 
is the shadow temperature on the Moon, is lO-^^ mm Hg. This means that 
if lunar atmospheric pressure is above 10~ii mm Hg, it is possible for ice 
to accumulate in the eternally shadowed areas. Estimates of the lunar vapor 
pressure vary from 10“® to 10"^® mm Hg. However, the pi'cssure in tho frac- 
tures and fissures of a lunar volcanic surface could have considerably higher 
pressures than on the mountain tops, even from radon gas leakage alone. 

From this standpoint, oven though the water is derived from surface 
runoff, the formation of ice in caves is of special interest. The stalactites in 
the Arco Tunnel at Craters of the Moon National Monument, Idaho (Fig. 34), 
are a striking example of how ice forms in caves. More siguificwint perhaps 
is the existence of ice under an 1885 pumice fall in the Askja caldera in Ice- 
land (Fig. 35). Although it would be extremely optimistic to predict similar 
conditions on the Moon, the existence of ice is not entirely impossible. 

More realistic is the use of rocks to supply water. Three guesses concern- 
ing the nature of the rocks that make up the surface of the Moon are (1) 
meteoritio materials, (2) volcanic extrusives, and (3) ultrabasic rocks, 
including serpentines. The water content of these rock groui)S differs con- 
siderably, and even within a single group there is considerable range of water 
content. Although this discussion is in terms of weight per cent, it should be 
noted that 5% by weight of water in the rock types considered is equivalent 
to 130 liters per cubic meter of rock. 

Figure 36 illustrates the water content in the throe classes of rocks. The 
water percentages are for H 2 O at -l-llO” C; this being the water given off at 
temperatures ranging from 110 to 1000” C. In general, the water content of 
meteorites is on the order of a 0-1%, with the exception of carbonaceous 
chondrites which contain as much as 10% of water. However, even if the 
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Moon’s surface were heavily impacted, this variety of chondrite would be a 
valuable but rare find. The fine degree of fragmentation sulfcred by im- 
pacting meteorites, ])articularly those which are already internally frag- 
mented, must lie considered. 



FiC. 34. Ico stalactitoH iti Areo tunnel, Craters of Mo(3ri National Mxinurnont, Idaho. 

The volcanic extiaisives listed in Fig. 3() show a widc^ range in water 
content. The ‘‘ K^O ' average ” approximates if abundances based on 
areal distril)utions are a])plied for the rock types included. For examx>lC) 
pitchstones are vohimetrically uncommon. Whether pitchstories are more 
common among volcanic extrusives than are carbonaceous chondrites 
among stony meteorites on the Moon is not known. However, our knowledge 
of occurrences of pitchstones on Eaith should lie helpful in ])rospecting for 
this rock type^ on the Moon, 

Sjiace Sciences Laboratory of North American Aviation has conducted a 
more thorough study, on an areal basis, of the distribution of watc^r in 
volcanic extrusives. Of the 2432 analyses that wcn’c compiled, 451. were 
rejected because of alteration effects that could be dc^duced from the analysis 
itself or the rock description. The remaining 1981 superior a.nalyscs were 
divided into 625 geographical groups aud five lithologic groups (based on the 
Na + K/Ca + Na + K ratio). The overall water content of screened volcanic 
extrusives is 1*1% by weight with a standard deviation of 0*33. 

In Fig. 36, the category marked '' other ” consists of iiltramafic rocks 
which approximate O-F^) ^^vailablc water and a metarnorphic ecpiivalcnt 
(serpentine) which contains 12*7%. The argument for iiltramafic rocks on 
the Moon is based on the hypothesis that a silicic lunar crust did not develop 
and that highly magnesium ultramafic rocks are light- colored. As more 
evidence of a volcanic origin of lunar surface features accrues, the more a 
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1% valne should be favored as the predicted water content of lunar surface 
rocks. 

One might speculate on the possibility of the presence of li(|uid watcT at 
depth on the Moon. If water does exist in the lunar crust, \vat(u* or ])enna- 
frost might reach its greatest concentration near tlic surface at tlie (md of the 
lunar night. Moreover, the search for water on the Moon might most 



Fia. 35. Ice under 1885 pumice fall, Askja Caldera, (‘ontral Icohind. 


favorable at those times when the Moon is farthest from tlie Eartli. This 
concept is a lunar extrapolation of Lambert’s observations ([(iS 1 p 18) 
Lambert indicated that the water level in certain water wells deceases durinu 
the Moon s transit. According to Dr. C. L. Pekeris of M.LT. {(dted hv 
Lambert, [68], p. 23), dilational effects in the Earth produced by the Moon 
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are holieved to be the cause of this pheiioincnion. Because the Earth exerts 
greater tidal effects on the Moon than the Moon on the Earth, lunar dila- 
tional elfects might be intensified at })engee of the Moon. Conversely, tidal 
effects may result in comprcssional effects at apogee. Therefore, water may 
be forced closer to the lunar sui-face during apogee. 


Table (>. Mineralogy of Meteorites 


Minend 

Weight {•per emt) in 

Iron 

Achondrite 

Chondrite 

Albite 


5-8 

74 

Anorthite 


13-2 

3-3 

Apatite 



0-7 

Chromite t 


0-7 

0-7 

Cohenite (Pe, Ni, Co, C)t 

0-4 



Iron-nickelt 

98-3 

14) 

10-6 

Olivine^. 


12-8 

42-3 

Orthoclase 


1-7 

M 

Pyroxenes 


($2-3 

28-9 

Schreibemite (Fe, Ni, P)t 

M 

0-4 


Ti’oilitc (PeS)t 

Od 

1-5 

6 0 


t Of technological importance if in large quantities. 


(o) METEOlllTIC MINERALIZATION 

Meteorites contain a largo number of mineials as indicated in Table 6 
but they are volnmetrically iiisignificant. Aside from nickel-iron, meteorites 
that have hit the Earth are almost devoid of useful minerals. However, 
meteorites that have hit the Moon may be relatively enriched in minerals 
that decom])ose in terrestrial environineuts; lawrencite, for examine. Also, 
on the Moon larger concenti'ations of troilitc may be ])resent. Possibly its 
scarcity on Earth may b(^ due to its ablation in passing through the atmos- 
sphcrc. 

The occurrence of minerals jiroduced by shock waves such as coesite [12] 
or diamonds [09] is also a rarity on Earth. According to information released 
by the United States Geologicjal Survey, coesite, the high tomporaturo 
modification of quartz, was found by X-ray diffractometry in the strongly 
sheared Coconino sandstone from drillings in the floor of Meteor Crater. 
Coesite is extremely refractory and hm boon suggested as a suitable noseoone 
material. However, it is doubtful if coosito would occur in sufficient quantities 
on the lunar surface — e'ven assuming frequent impact — because highly 
silicic rock types are required to produce coesite. 

Lunar Thermal Sources 

Numerous changes have been observed on tlio lunar surface and at least 
three craters — ^Linnd, PJato and Alphonsus — ^have a long history of reported 
changes. Unfortunately, such changes are difficult to document, although 
the spectrogram obtained by Kozyrev [70] has offered more direct evidence. 
Available data on these and other craters are listed in Table 7. 






PERCENT SIUCON O 1% 2% 3% 4% 5% 6% 7% 8% 9% 10^1 11% 12% 
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Fig. 36. Water content in rocks. Meteorite analysis is taken from Urey and Craig [62], carbonaceous chondrite data from Wiik [63] 
and ignimbrite data are from Steiner [64] pp. 330-331. Asterisked volcanic extrusive data are from Nockolds [65] ; all others except 
pitchstone average from Tilley [66] are from an undated compilation by Van Bemmelen. Serpentine average is from ^agy 
and Faust [67], Xumbers in parentheses indicate the number of individual analyses involved in determining the average. 



Table 7. Reported Changes in Lunar Features 
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Tjlbije 7 — continued 
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If voloanism is now occurring in certain places on the Moon, as Kozyrev’s 
data indicate, these areas should be of great value as sources of heat and power. 
Volcanic structures offer much higher thermal and power potential than 
impact craters. In addition, the subsurface of volcanic regions would presum- 
ably be warmer than in impacted meteoritic regions. 

Some believe that meteoritic impact may have created the system of 
rays on the Moon while others propose that expansion and contraction pro- 
cesses could have caused them. If the first theory is correct, streamers of 
material given off by the impact would not produce deep-seated thermal 
effects. Hence, no sustained heat flow anomalies would be exi)ected from the 
Moon’s interior. In fact, the extreme brilliancy of the rays would produce a 
linear anomaly of low heat flow because of reflection of most of the incident 
heat. On the other hand, defluidization and consequent tectonic activity 
would produce profound faults and more than normal heat flow might be 
expected along these zones of weakness. 

The heat flow of the Earth per year is estimated to be 10®® ergs [71]. If 
one assumes only a fraction of this value to represent the heat flow from the 
Moon, the possibility exists for appreciable localization of this heat along 
major deep-seated limar fractures. Rejuvenated fractures are also ])otcntial 
loci for hot-spring activity. Fracture intersections and rejuvenated fractures 
may be heat sources convenient in maintaining a lunar base. Biilow [34] 
has made an extended study of the tectonics of lunar surface fracture patterns 
and he has also mapped the major fracture systems, exclusive of ray patterns. 
Billow’s maps give evidence of hundreds of fracture intersections; close 
inspection will undoubtedly reveal thousands more. 

Infrared surveying techniques may indicate once-active volcanoes on the 
Moon. The heat flow from the Alphonsus eruption must have been consider- 
able [70, 72]. In 1953, ground surveys at Vesuvius recorded a hot spot 
91-5 m below the present rim [73]. Similar surveys htxve proven effective 
in predicting volcanic activity at Kagoshima [74] and Usu [75]. Other 
surface heat flow measxirements of areas of possible goothernial power have 
been made in New Zealand [76] and the Kurile Islands [77]. 

Gross lithologic types are also identifiable by heat flow tcchni(pic^H. The 
maria would be expected to absorb more heat than, say, the ray systems, 
just as basalt absorbs more infrared radiation than does j)umiceouH ash. A 
survey of the lunar surface to determine thermal anomalies would also be 
valuable from a mineralization standpoint. Hot sjn'ings, fumaroles and 
solfataras — often mineralized — ^are known to occur in volcanic terrains and 
at fracture intersections on Earth [78]. 

Finally, infrared techniques may be the simplest means of distinguishing 
among not only the main rock types but also major mineral accumulations, 
including ice and sulfur. 

During the lunar eclipse of 12 and 13 March 1960, Shorthill [79] made a 
bolometric survey of lunar infrared radiation at the Newtonian focus of the 
72-in. reflector of the Dominion Astrophysical Observatory. The measure- 
ments were made with a thermistor-bolometer detector with a KRS-5 
window which limited the spectral bandpass to 0*6 to 40 /x. The dimensions 
of the sensitive surface of the thermistor were 0*3 by 0-3 mm subtending a 
field of 7 sec of arc at the f/5 Newtonian focus. This corresponds to a linear 
dimension of about 12 km at the lunar surface. A filter wheel with a micro- 
scope cover glass, a germanium disk and open positions was used. The cover 
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glass provided a wavelength cutoft* at about 5 /x and the germanium pass- 
band extended from about 1-8 to 15/x. The r.m.s. noise level of the device 
corresponded to a radiation flux of 3x 10 “® Watts for a 10 cps bandwidth, 
approximately that duo to a lunar temperature change of 20 K in the back- 
ground tcmi)erature of 180° K. A I'estricted scan ])rogram was selected using 
Aristarchus as a starting point as shown in Fig. 37. 



Fia. 37. 8(^an oyclo wit-h Aristarc^huH m a starting point, (a) ApiHl.ar<duiH. (6) End of 
scan ofl’ oast limit, (c) End of sciin noar Hoa of Noo.tar. (d) Contor of disk, end of 
14*5 minute scuui cycle, (c) Copomicus. (AfkiP Shorthill et aL [75)].) 


The ra])i(l cooling of the lunar surface during a lunar eclipse from 370 
down to 180° K measured by Pettit and Nicholson [80] was verified by 
Shorthill, H al, Al])h()ns\is evidenced no teinj)erature anomaly indicating that 
its temperatures was within 20" K of the general lunar background. The most 
remarkable re^sult of the survey was the marked high-temi)erature anomaly 
associated with tlu^ rayed craters examined (Tycho, Aristarchus and (lopcr- 
nicus). A traverse across Tycho (Fig. 38) shows a temperature rise twice 
that of the l)ackground at the south rim. A maximum of fi0° K above back- 
ground was reached at one point during the traverse. Shorthill et al., believe 
the data are in agreement with the theory that the rayed craters are among 
the more recent lunar features. Th(^ observation that a tejnperaturc rise is 
associated with the rayed craters does not cotifliot with the retisoning a 
rayed crater is a caldera bounded by rejuvenated fractures. It may be 
esx^coially true for tang(mtial rays such iis those bounding Tycho. 

The ‘[)i*escnce of a thinner dust layer in the rayed crater areas would not 
tend to ])roduce a temperature anomaly in a stony metooritio crust. More- 
over, the rayed craters are bright and would tend to reflect incident heat. 
Therefore, the heat may possibly be internal. Heat iissociatod with vok^anism 
and tectonic activity is thought to be of a sustained nature and magnitude 
to create the temi)eraturc anomalies measured. Heat g(uieratod by impact 
would migi-ate concentrically beyond crater boundaries or bo dissipated by 
radiation. Tlie survey indicated that the anomaly is confined to the crater 
area for Copernicus, Aristarchus and Tycho. The temperature profile of 
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Tycho is asymmetrical which may possibly be related to the crater’s well- 
developed ray system. Linear temperature anomalies apparently exist on 
certain sides of Tycho, possibly corresponding to the position of tangential 
rays. (See plates D7-c and D7-d in the lunar atlas compiled by Kiiipcr [81].) 
Further work on lunar temperature anomalies using Shorthill’s technique is 
in progress. The assumption that the temperature anomaly is caused by a 
thinner dust cover resulting from recent impact of the rayed craters is 
difficult to accept because the impact mechanism itself produces dust. The 
crater floors if impact produced would be filled with rock flour— an insulator. 
This author rejects impact as being the origin of the temperature anomalies 
of the rayed craters. 
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Fio. 38. Temporaturo profile across the crater Tycho (afUu* Siiorthill el aL [79]). 

A quantitative test of the assumption that the lunar surfaces is chondritic 
could be made using infrared surveys. The average heat production of a 
chondritic Moon is 2-3x 10“^ cal/cm^/sec [82]. On this basis and if a con- 
ductivity of 2 X 10”*^ is assumed, the subsurface temperature is caJcTilated to 
be S'" C. Fremlin [83], however, points out that this calculation must be in 
error because low subsurface temperatures could not give rise to the volcanic 
eruption reported by Kozyrev [70]. Thus, the assumption that the lunar 
surface is chondritic is thought to be incorrect because chondrites cannot 
supply the amount of heat necessary to induce volcanism. The abundances 
of uranium, thorium and potassium in basalt and rhyolites on Earth are 
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much higher than in chondrites and may be sufficient to initiate near-surface 
melting. It is unnecessary to appeal to abnormally high radioactive elemental 
abundances in rocks to produce melting [84], 

Internal heat ])roduced by radioactivity decay of isoto])es of uranium, 
thorium, potassium, and rubidium would be at least an order of magnitude 
greater from volcanic rocks than from stony meteorites as the abundance 
data in Table S indicate. One can calculate that a thermally insulated silicic 
rock, with the quantities of radioactive elements shown, will heat up 40° C 
in 1 million years; a basalt would heat up about 6° G. During the same time 
period an insulated stony meteorite with the abundances shown would heat 
up less than 0-r)° C. The table also indicates the heat rise per million years 
in these insulated rock t3r])es 3 billion years ago when potassium was much 
more abundant. Again chondrites would heat up only a degree or so in 
contrast to the volcanic rock types. 

One of the imiiortant conseciuences of the higher uranium content of 
volcanics, as comi)ared with chondrites, is the greater production of radon. 
The atmos])heric pressure in a volcanic fissure should be greater than that 
in a fissured chondritic terrain. Argon would also be produced by radio- 
active decay, but the relative thermal velocities of argon and radon indicate 
that radon would be retained longer on the lunar surface. At craters of the 
Moon National Momutient in Idaho, large rifts exist which locally exhibit 
radioactivity anomalies ;presumal)ly due to radon. Anomalies greater than 
0*05 microroentgens are observable in some of the fissures. For this reason, 
the large rift systems on Earth, such as the Eldgja and Grjotagja (Figs. 39 
and 40) in Ic^eland and the Dead Sea rift deserve closer scrutiny from the 
standpoint of tlu' thermal sources and radon leakage. 



Fig. 39. PFdgjd rift, south -cc3ntral Iceland. 
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The discovery of the radiogenic isotope xenon-129 in the Riohardton 
chrondrite by Reynolds [85] is of significance; it establishes the presence of 
some iodine- 129 of 17 million years of half-life during an early period of the 
solar system. Tliis means that other now-extinct radionuclides may also 
have been present in this period. Such radionuclides are of interest because 
they could have provided the additional heat source necessary for intense 
defluidization and volcanism during the Moon’s early history. However, as 
noted in Table 7, the heat contributed by would be negligible because of 
the time span between 4-6 and 3 billion years. 

The low content of radioactive elements would produce a much lower 


Table 8. Temperature Increase in Insulated Lunar Materials 




Heat produced per 10® year 


Annual ra/te of 

{callg) 


During last 3x10® 

heat generation Abundance 

Element 

(callg) (ppw.) 

10® years years ago 


SUicio rocks {rhyolite-granite clan) 


Uranium 

0*76 

4 

3*00 

7*17 

Thorium 

0*203 

20 

4*06 

4*71 

Potassium 

27x10-8 

40 000 

1*08 

5*10 

Rubidium 

38*9 X 10-8 

200 

0*008 

— 

Samariiun 

342-5 X 10-« 

6 

0*000 


Iodine 

? 

? 

— 

— 

Total 



8*1 

17-0 

Teinporaturo lise (°C) 
per 10® years 

During last 10® years 



40*5 


3 xlO® years ago 




85*0 


Mafic rocks {hasedt-gahbro clan) 



Uraniuiu 

0*75 

0*5 

0*375 

1 *207 

Thorium 

0*203 

3 

0*608 

0-704 

Potass ium 

27 X 10-8 

6000 

0*135 

0*645 

Rubidium 

38*9 xlO-® 

20 

0*001 

. - 

Samariiun 

342*6x10-0 

2 

0*000 

- - 

Iodine 

? 

? 

— 

— 

Total 



1*12 

2*56 


Temperature rise (°C) 
per 10® years 


During last 10® years 

5*6 


3x10® years ago 


12-8 
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Table 8 Temperature Inoreaso in Insulated Lunar Materials 

Cliondritic rocks (high and low iron groups) 


Uramiim 

0-75 

0-0 1 

0-0075 

0-0245 

Thorium 

0-20:} 

0-()2 

0-004 

0-004() 

Potassium 

27 xlO « 

850 

0-028 

0-110 

Rubidium 

38-9xl0--« 

5 

0-000 


Samarium 

842-5 xl0-« 

1 

0-000 



Iodine 

? 

? 



Total 



0-035 

0-14 


Tompei-aturo 

rise (“C) 




per 10*^ years 




During last 10*^ years 



0-17-0-35 


3x10^^ years ago 




0-7-1-40 

K-io = 0-()119% of K; 

Rb«7 = 28% of Rb; 

= 15% of Bm. 



Heat capacities for silicic and .mafic rocks taken at 0-2. Two heat capacities 
taken for clmndrites at 0*2 and 0-1 ; true value probably lies between these values. 



Fkj. 40. Grjdt.agja rift, north-central 'h^ehind. 


heat flow ;froin fractures in a chondritic terrain than in a volcanic terrain. 
Similarly, the heat generated by impact of large mctcoritoK would have been 
dissipated very rapidly. This worild also be truc^ for the radial gouge zones 
from the so-called impact center in Mare Inibrium, if their origin wore due 
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to ejected meteoritic fragments. Inspection of these gouges ntakos tliis 
geologically exotic mechanism of origin highly unlikely. In addition, micro- 
meteorites are of extremely small mass. Hence, the heat generation by their 
impact on the Moon would not produce a realistic heat source, particularly 
since they would be randomly locatedand unpredictable either in time or place. 

Let us assume for the moment that radiogenic heat cannot j)rovidc the 
heat required to differentiate a lunar crust. There may be an auxiliary 
process — ^tidal heat. The same Earth-induced tidal forces that may have 
served to disrupt and fracture the lunar surface may have been sufficient 
in the geological past to flex the chondritic mantle of the Moon every few 
days. These internal stresses would generate heat; possibly even more heat 
than the lunar tides create in the Earth. If Earth-induced tides in the lunar 
mantle have served to accumulate heat in the Moon, we may follow Zc^tov, 
et ah [86] in their arguments on terrestrial heat-up by lunar tides. Zotov, 
assumes that the Moon was closer to the Earth in the geological ])aHt and 
induced greater tides in the Earth which travelled at higher si)oods than at 
present because of an increased rate of terrestrial rotation. According to 
Zotov, assuming that the Earth has increased its period of rotation from 
4 to 24 hr and that its mass and moment of inertia have remained the same, 
the amount of heat generated up to the present time should be 1 *(>4 x 1 O'*® 
ergs, less a potential energy of about 15% stored in the removed Moon. 
This would produce 2*17 x 10^® calories of heat which is 11 billion times the 
heat (3-0 x lO^o calories per year) released by the Earth per year. 

Taking the specifle heat of the Earth at 0-2 calories per gram degree, 
the above calculated quantity of energy according to Zotov could heat 
the entire Earth from 0° C to 1800° C. This tidal heat is found to e<iual 
two-thirds of the radiogenic heat generated in the Earth in 5 billion years. 
The tidal heat so formed and accumulated during the cosmic history of the 
Earth is considered to participate in the tectonic and volcanic procc^sses 
in the Barth. The present author believes that a similar but possibly intensi- 
fied tidal effect may have been induced in the Moon by the Earth |)erhapH 
to the degree where rotation was stopped altogether. Thoroforo th(«i tidal 
heat induced in the Moon falls into two periods. The first and most intense 
when lunar rotation was being slowed down to a stop, and the second now 
operative of tidal crustal and mantle flexing produced by the (eccentricity 
of the lunar orbit. 


Gbologhoal Tools 

(a) UANCJB OB EXBLOltATION SYSTEMS 

One’s philosophy of approach to a lunar exploration i^rogram is easily 
influenced by the sequence of phases used in terrestrial cxi)loT*ation for oil 
and ore. Here, an aerial survey first outlines gross features and ai'oas of 
interest ; then, a ground survey examines those areas of intcTcst for t(>ictonic 
and alteration features. Finally, subsurface examination by gcjological, 
geophysical or geochemical means is initiated at specific points based on th<^ 
aerial and ground surveys. This sequence, with some modifications, is pro- 
posed in this paper for lunar exploration. The modifications of a terrestrial 
exploration program arise from four differences in objectives and iinpleinenta- 
tion: 

1 . The lunar survey is not primarily directed to detection of materials that 
are presently of economic importance. 
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2. The sampling grid must be crude because of the limitation of the 
number of instrumented probes that can be imi)lanted. 

3. The choice of site for inspection or analysis will vary with the informa- 
tion to be obtained. 

4. The guidance to this site will not be precise. 

The scope of the measurements that could be made from the hovering 
and surface vehicles is outlined in Table 9. Many of the instruments specified 
for the altitude surveys are also applicable to the surface traverses. As this 
table shows, a great proportion of the tools suitable for lunar exploration 
could be modified or redesigned logging devices used in the oil industry. 
Table 10 outlines a group of logging tools already in use or in development 
and their applicability to lunar exploration. 

The logs that require fluid — often an electrically conducting fluid — 
between the sonde and the borehole wall are the self-potential, resistivity, 


Table 9. Geophysical Surveys and Well Logging Devices 
Applied to Lunar Exploration 


iType of survey or measurement Parameter measured 


Hovering or lunar surface vehicle; 
modified or redesigned aerial and 
ground geophysical surveys 
Television 

Infrared 

Magnetic 

Radiometric 

Gravity 

Mass spectrometric 


Toi)ography, terrain, mineralization 
and surface stimcture 
Surface structure 

Lithology and subsm*faco structure 
Lithology and gas emission 
Subsurface structure 
Gas emission 


Lunar surface vehicle: modified or 
redesigned well logging devicest 
Self-potential 
Resistivity 

Velocity 

Sonic geoplione 
Density 

NTeutron-neutron 
Discriminated gamma 
Temperature 
Nuclear spectroscopy 
Magnetic susceptibility 
Inclinometric 


Porosity and/or water content 
Surface structure, porosity and/or 
water content 

Lithology, surface structure, jmro- 
sity and/or water content 
Subsurface structure 
Lithology, surface structure, poro- 
sity and/or water content 
Porosity and/or water content 
Lithology and gas omission 
Surface and subsurface structure 
Mineralization and lithology 
Lithology and surface structure 
Topography, terrain and surface 
structure 


t Includes measurements that may be made from a surface vehicle. 
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induction, sonic velocity, nuclear magnetism and mud logs. Tools which 
require a hydrous environment are probably not applicable to lunar explora- 
tion. Therefore, the logging devices discussed below are the dry-hole resist- 
ivity, conventional gamma, discriminated gamma, conventional neutron, 
neutron-neutron, density and magnetic susceptibility. 

A major breakdown of the measurements to be obtained l)y these i)oten- 
tially important logging devices, if modified for horizontal or in-place surface 
usage, might consist of three categories: solid, liquid and gas (Table 10). 
Each of these may be further divided. For example, under solids, the litho- 
logic types shown in Table 11 may possibly be present in extra-terrestrial 
environments. Admittedly, this classification is extremely elementary, but 
it does represent a group of rocks that in theory could be distinguished by 
adaptation of present-day logging devices. On the Moon, only metcoritic 
rook types and the extrusive varieties of igneous rocks may be present. 

In addition to lithology, we are interested in sublimate and meteoritic 
mineralization. For completeness, cements in sedimentary rocks and skarn 
minerals of metamorphic rocks are included: however, they are regarded as 
highly unlikely rock groups on the Moon. Common mineral cements, sub- 
limates and metamorphic minerals ore also included in Table 1 1 . 

Many rocks may be grouped into chemical or mineralogical assemblages 
which are diagnostic of environment at any particular time or place. Such 
facies or assemblages are included in Table 11. Then, because alteration 
tends to obscure parent lithologies (the convergence princii)le of Schwartz), 
there are a group of alteration products common to most rook types. These 
include kaolinite, montmorillonite-illite, alunite, jarosite, zeolite, chlorite, 
epidote, palagonite and chert (opal). 

A family of physical parameters may also be included under the heading 
of solids because of the expression of the parameter in the rock matrix. 
Those properties are of considerable interest to the j)C’>troleum industry 
because of the use of logging devices in evaluating rock formations. Almost 
all of the following entries are considered valua])le for s])ae(‘ (Exploration. 


Formation, Evaluation 
Parameters 
Permeability 
Fracturing 
Porosity 
Density 
Sonic velocity 
Bed thickness 
Formation resistivity 
Mud cake thickness 


MisceUmeovs 

Factors 

Bed orientation 

Magnetic susceptibility 

Temperature 

Hardness 

Grain size 

Grain shape 

Bock fabric 


Liquids, the second major category in Table 10, arc likewise^ of significance 
to man’s existence on the Moon. However, of the mimei'ous formation 
evaluation parameters, only the detection of water, formation water salinity 
and water saturation are considered important to the exploration of space. 

The third major class of substances potentially measurable^ by logging 
tools is that of gases. However, many gas determinations arcs made only as 
a consequence of the dilution of borehole fluids by gas which ]:)roduccs varia- 
tions in the log readings. Of the three pertinent entries — methane, oxygen 
and nitrogen — only the last two are of interest. 



i Dry-hole Xettiron- Discriminated Sonic Accelerator Magmtic Unclear 

Parameter measured resistivity Xeutron neutron Gamma gamma Density velocity types susceptibility magnetism 
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The folloiriiig conventional logging devices require a hydrous environment in which to function and are therefore not considered here 
self-potenticil, resistivity (including wall resistivity), induction and mud logs, 
t Limited or specific isolated applications in extraterrestrial environments. 

% Useful or applicable 

§ Highest potential in space exploration problems. 
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Table 11 . Possible Bock and Mineral Types in Extraterrestrial 
Environments 

Sedimentary Igneous MetamorpMc Meteoritic 

Lithologic types 

Sandstone Ultramafic Serpentine Stony 

Shale-clay Gabbro Eclogite Stony- iron 

Arkose Basalt Slate Iron 

Graywacke Tachylite Marble 

Limestone Andesite Schist 

Dolomite Granite Gneiss 

Anhydrite-gypsum Bhyolite 
Halite Pumice 

Obsidian 
Pitchstone 


Common mineral cemerUs, sublimates, and 
metamorphic minerals 


Quartz 

Sulfur 

Chlorite 

Lawi‘enoitc 

Calcite-dolomite 

Halite 

Tale 

Magnetite 

Hematite 

Moljrsite 

Garnet 

Osbornite 

Siderite 

Sassaolite 

Staurolite 

Graphite 

Pyrite 

Borax 

Zeolites 

Troilito 

Chert 

Alum 

Graphite 

Oldhamito 

Anhydrite-gypsum Gypsum 

Spinel 

Schreibersite 

Apatite 

Hydrated minerals 



Chemical and mineralogical assemblages 

Carbonate Olivine-free Diabasic High total iron 

Evaporate Olivine-bearing Homfels Low total iron 

Marine Feldspathoid-rich Amphibolite Chondritic 

Non-marine Alkalic Green schist Hydrous varieties 

Mafic GranuHte 

Silicic Eclogite 

Glaucophane 

(b) dry hole resistivity loo 

According to Casey, Scott and Westcott [87], the number of variables 
involved in dry hole logging, although fewer than in wet hole logging, are 
less easily controlled. For landing pad instrumentation, the dry hole resist- 
ivity log is possibly well-suited for lunar surface exploration. The tool is 
designed for use in arid-regions on Earth where water is scarce or expensive 
to obtain. Two types of dry hole type resistivity logs are either available or 
under development— the single-electrode and the multiple-electrode sondes. 
In single-point logging, the resistivity of the Earth in the immediate vicinity 
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of the electrodes is measxired ; in multiple-electrode logging, the resistivity 
of a larger volume of Earth is measured; i.e. the deptlx of penetration is 
deeper. Multiple-electrode dry hole logging has the advantage of minimizing 
spurious electrode-contact resistance fluctuations. 

The superiority of the dry hole resistivity log to the wet hole log is shown 
in Eig. 41. The dry hole sonde gives much better definition of thin-bedded 



Tici. 41. Oompariflon of caliper, dry-hole resistivity, and wot-holo resistivity logs. 
(After Casey et (il. [87], iJ. 58) 


strata than the other device, (Volcanic tuffs and flows are often thin- 
bedded.) The zone from 72 to 76 ft shows extremely high resistivity in the 
dry hole log because the electrodes wore not in contact with the formation 
walls ; i.c. the walls have caved away as shown by the caliper log. However, 
if fluids were present, the response might resemble that of the wet hole log 
because fluid, especially water containing salts, would drastically lower the 
formation resistivity. Bccixuse this Eig. 41 does not actually show how one 
might interixrct a resistivity meiisurement of traverse on the lunar surface, 
license has been taken to add a dashed lino continuing the dry hole log from 
80 ft to a greater dt^pth. This was done to illustrate what might be the case 
if a stratum were encountered containing saline water in an otlierwise dry 
lithologic column. 

Conventional well logs through igneous rocks are rarely made. The most 
comprehensive study involving the application of resistivity, self-potential, 
induction, gamma ray, pulse transient and magnetic susceptibility logging 
was made in minci*alized igneous rocks of the Lake Superior region by the 
U.S. Geological Survey [88]. However, fluids arc required between the sonde 
and the borehole for most of these logs. A self-potential and resistivity log 
through solid basalt and associated pyroclastics of Clatsop County, Oregon, 
is shown in Pig. 42. Here, the resistivity of a non- vesicular Eocene age basalt 
is greater than COO ohm-meters ; the decrease in fluid content is reflected in 
a deflection in the self-potential curve. 
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Many problems must be solved before lunar resistivity surveys can be 
made. Emphasis should be placed on the importance of the electrical 
resistivity data in defining steam areas, as has been done in Italy [89] and 
New Zealand [90], Factors that complicate interpretations of resistivity 
surveys in basalt, such as weathering variations [91], would be absent on 

SPONTANEOUS POTENTIAL (100 MV) RESISTIVITY (OHM-METLRS^. MCTLR) 


1 1 1 1 1 1 — 1 — 

- SHALE 1 

- 

: H-oj— 1 


_ TOP OF 

_ SOLID basalt/ f " 

Li— I \ 1 1 \ 1^1 1 “ 



Fio. 42. Resistivity profile through solid basalt imdorlyiiig shale in Standard of 
California Hoagland Unit No. 1, Clatsop County, Oregon. 

the Moon. On the other hand if the lunar surface is covered with a bed of 
iron-rich cosmic infall material and if this conducting layer is not blown 
away by rocket blast, resistivity measurements may be imi)racti(ial for 
determination of hydrous zones or permafrost. For this reason, a desirable 
landing site might be in the Aristarchus area, whose luininesct^nco spectrum 
rules out the presence of iron [70]. 

Neutron-Resistivity Log Interjpretation 

One technique that may be used to define the nature of the lunar surface 
is the combination of resistivity and neutron responses as a function of 
temperature change. A detailed treatment of the neutron log is given below. 
For the purpose of this discussion, however, it is considered in conjunction 
with the resistivity log. Briefly, an increase in resistivity occurs with decre^c 
in temperature in most naturally occurring silicates such as volcanics and in 
most dielectrics such as the most common volcanic mineral, sulfur. Iron, 
which would compose the bulk of cosmic infall material, shows a decrease in 
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resistivity with decrease in. temperature. Thus, in Fig. 43 an increase in 
rc‘sistivity is shown with passing of the shadow zone over a lunar resistivity 
probe in an assumed di’y sulfur-rich, volcanic surface dust. This shadow 
zotie could be artificially produced by the shadow of the vehicle itself or by 
the normal passage of a lunar shadow every 14 days. 


I»BRloniCAl.I.Y SUNUT 


PERIODICALLY SHADOWED 


-150“C 
ETERNALLY SHADOWED 


>1 MshhlfcjT |Bl9|io|n|u|n| 


14|l5|l6|l7|l8ll9|20l2l|Z2|23|24|25|26[27^ 


dry -HULK 
RESISTIVITY LtXJ 


- PURE SULFUR 


lilSSKMlNATKU S IN DRY VULCANIC ASH 


NO ICE WITH SOME Cl 


NO WATER WITH HOME 


niSSKMINATKO ClILURIDE 


Nt> WATER WITH MUCH 


^^RISE OP BRACKISH PERMAFROST 




NO ICE WITH MUCH O 


HISSKMINATEIi CHLORIDE 


\f 

OF Si 

X--"' 


SALINE PERMAFROST 


INCRIISTED Cllt.OWinK ON ASH 






C’.USMlCimST 


-PURE CHLORIDES /^\ 


neutron 

NEUTRON LUi T1 




NO WATER, n. Cl, UR S COMPOUNDS 


ICE IAS PERMAFROST) 


-ABUNDANT ICE 


MUCH Cl. B. OR S 


SLOPE OK TRANSITION IF 
Ur — k:E ABSENT IN THIS /.ONE 


ABUNDANT Cl. B, 
IJOK S COUMPOUNDS 


Kkj, 43. (3lja»g(‘s in roHist-ivity and radioactivity in poriodically sunlit versus shadowed 

zoncK of tho Moon. 


Un(l(u* min light, the existence of water on the lunar surface would be 
impossible; howevcT, in shadow there is a possibility of the rise of a perma- 
frost lay(T in tho lunar dust. If the permafrost is saline, the resistivity of 
the permafrost will be much lower than if the permafrost layer were brackish 
or i)urc^.. :l^^u•th(>rmorc^ the change in resistivity would be gradual at the onset 
of shadow if there is a slow rise of the permafrost layer as a function of 
In the (‘t(n-nally shadow(^d zones, one might predict ice. If so, there should 
be a marked drop in resistivity in the transition from a dry volcanic dust to 

According to Ananyan [92 J, electrical conductivity m finely dispersed 
frozen rocks is governed by the progressive advance of the not-yet-frozen 
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portion of the water. The electrical conductivity of such rocks is dt^torinhuKl 
by the phase relations of the water. The smaller the amount of ice and the 
larger the amonnt of unfrozen water, the higher the electrical condncitivity. 
The electrical conductivity of frozen rocks reaches its niaxiiuum wlum the 
moisture content approaches the lower limit of plasticity. 

An extremely high resistivity should be expected if sulfur has accnimn 
in eternally shadowed zones, and an extremely low resistivity should be 
expected if chlorides have accumulated there. Figure 44 illustrat(‘s tlut 
changes in resistivity for sulfur, volcanic tuff, halite, saline water and iron. 
The positive slope of iron with respect to the other constituents may lx* of 
importance in. interpreting resistivity data from lunar x>i’ol)os with passage 
of a shadow zone over lunar surface materials. 

For a further aid in the interpretation of the resistivity probe as a funt^ 
tion of temperature, one might also simultaneously observe tlu’* lu^itron log 
(Fig. 44). On the basis of the response of the neutron log, wdu(r,h is in (counts 
per second, one could expect high absorption of neutron energy if hydr<)g(»n 
nuclei were present. Water or ice on the lunar surface would be dispt^llcd 
under subsolar conditions, and any response of the neutron -luuitron d<^vice 
would therefore be a function of the boron, chlorine or sulfur (X)nt<mt in tlie 
surface dust or rock. K water as permafrost is present, it w'ould tc^nd to 
approach the lunar surface during the lunar night. Tlxerefore, foi* tiu" ease 
in which only sulfur is disseminated on the lunar surface, the reading would 
be low during the lunar day with perhaps a small short-tinu^ dee-n^asi* in 
cps at the onset of night because of reprocipitatioii of va])or in tln^ <x)Id(*r 
cnviroiunent. 

If a near-surface permafrost layer is present, there would Ix^ a gradual 
decrease in the count rate as the fast neutrons encounter more and xnon's 
hydiogen nuclei with rise of permafrost. There is more likelihood of drastic 
dcgi’cx^s of neutron absorption in the eternally shadowed z(>ix<‘s where*, in 
the manner of a cold trap, larger concentrations of ice, boron, sulfur and t he* 
halogens could, accrue faster than they would be evaporated. A (listin<*t.ion 
among each of these substances of high neutron-capture cross H(xd.ion would 
bo most competently handled by nuclear prospecting te(Jxni(pu*s, 

On the other hand the neutron log, showing a high and uniform (‘ounts- 
pcr-scoond spectrum both in sxm and shadow (Fig. 44) would ttuid to ni*gato 
the possibility of both water and volcanic mineralization on tht^ lunar sur- 
face. Such a pattern would be expected if the lunar suifaee weix'i eoinnosc^d 
of stony meteorites. 

In the neutron sonde technique, the log is obtained by moving a source! 
of neutrons and a radiation detector along the w^ell bon’^ l?h<^ source and 
detector are separated by a fixed distance of approximately 51, cm. Polonium- 
beryllium or plutonium-beryllium provides a 3- to lO-curu^ sourex* 
average miniimiin thickness of bed that can give a diagnostics reoord’ing of 
what the tool measures is 46 cm. The radioactivity detector is a scintillation 
counter about 1-1 m long. 

In the original neutron curve process, which remains the most w^idely 
used, the detector is sensitive to gamma radiation. Because the nu^thod 
involves bombardment of the rock by neutrons and detection of th<! indnewl 
gamma rays, it is described as a neutron-gamma procoss. Neutron-gaiunia 
ra^ation is influenced primarily by the amount of hydrogen present in tiie 
vicinity of the instrument, and this in turn is a function of the fluid content 
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of the rock. By using the sufficiently strong source of neutrons, the induced 
gamma radiation intensity is made so large that tlxc effects of variations of 
the natural radioactivity are completely obscured. However, the neutron 
sources also emit gamma radiation which must be shielded from the detector. 



Pia. 44. as a. f*un(‘ti<)n of ioniporuiuro for posHiblo luiuir sui'ftwo inafccrialw. 


For lunar exploration, the neutron log used in horizontal traverses or station- 
ary on landing i)ads would not significantly contribute to an understanding 
of the surface lithologies. However, it would be of value in defining water- 
filled (or hydrocarbon-filled) vesicular rocks. The neutron log might also 
be definitive in distinguishing ice from dry rock. 
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Neutron-Neutron Log 

Another neutron logging method, which in coinmerciiilly available, avoids 
the effects of scattered gamma radiation. This method involves the use of 
a slow neutron detector instead of a gamma ray detector. Fast neutrons 
emitted by the source are recorded by the instrument after being slowed by 
the wall rocks. The instrument responds only to slow neutrons; it is not 
affected by the gamma rays of capttire or any other gamma rays whicii may 
be present in the source. The slowing down of the fast neutrons emitted by 
the source is essentially proportional to the number of hydingen nuclei 
present in the formation. According to Castel [83], the neutron -neutron log 
is a direct method of evaluating the amount of hydi-ogen contained in the 
formation. 

In a formation of high water content, high-energy neutrons emitted by 
the source are quickly slowed down. Only a small number of them reach 
the counter, which results in a low reading. In a formation containing little 
or no hydrogen-bearing fluid, however, the fast neutrons emitted i)y tlie 
source have little chance to be slowed down or captured. Hc^nce, a large 
number of them reach the counter to result in a high reading. 

In oil fields, the neutron-neutron log has been used with considerable 
success in defining porous zones filled either with water or oil. On the M(.)on, 
a neutron-neutron device would be of value in locating ice or ])ormafrost. 
The advantages of this log for lunar exploration are twofold. First, the 
response of the tool is independent of density changes in the rock. From the 
standpoint of the possibility of surface rock froths, a device designed for the 
detection of hydrogen should be insensitive to this parameter for accui'ato 
evaluation of the lunar hydrology. Secondly, the ncTitron-iunitrou log is 
not sensitive to radioactivity. If one wishes to associate radioactivity with 
hot-spring activity, as is justified in some instances on Eaith, one w'ould again 
prescribe a tool that would not confuse water content with radioactivity. 

The disadvantage of the neutron-neutron log is that it will r(NS})ond to 
elements of high neutron-capture cross-section, such as sulfur, chlorine and 
boron. These substances could conceivably be present in local accumulations 
or disseminated in volcanic ash, if wholesale defluidization of the lunar 
mantle occurred with a resulting enrichment of these elements on the surface. 

Discriminated Qcmrm Log 

Discriminated gamma logging, either horizontal or veitical, on the lunar 
surface is another valuable tool if indeed it is able to determine the quantita- 
tive distribution of uranium, thorium and potassium. As indicated in Table 
8, those throe elements will immediately distinguish mantle rocks (stony 
meteorites) from crustal rocks (rhyolites and basalts). The diflbrciiccB in 
radioactive element abundances are as much as two orders of magnitude'? 
apart. More importantly, however, discriminated gamma spectroscopy <{an 
provide information on the subtleties of lithologic coinx)osition of a lunar 
surface. Discriminated gamma analysis may provide datii on the nature of 
the ray systems, because if they are silicic volcanic ash, they would certainly 
be enriched in potassium. If evaporates are present on a local scale, again 
potassium would be enriched. If fumarolic centers exist or once existed, 
they may be slightly radioactive in uranium salts. All of these possibilities 
warrant the use of a device that will distinguish uranium from thorium and 
potassium. 
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Demity Log 

Another logging device applicable to lunar exploration is the density log. 
As indicated in the range of densities in common rock types listed in Table 
12, the density range in volcanic extioisives is the most extreme. By modify- 
ing the radioactivity logging sonde with a source of gamma radiation instead 
of neutron radiation, curves (sometimes called x>hoton curves) are obtained 
thiit indicate the density of the strata traversed. This tool uses a collimated 
source of medium-energy gamma rays and a collimated scintillation crystal 
detector [94j. 


Table 12. Density Range of Common Rook Typos 


Hock Ty^)^. 

Deurnty Range 

Intmsive rocks 


Granite, ciuartz-diorite 

2-5-2-9 

Diorite-gabbro 

2-7-3-1 

JVridotite-dunite 

3-2-3-4 

Volcanic rocks 


Obsidian, I’jitchstom^, ihyolite, dacitef 

2 -2-2 -7 

rumicet 

0-9-1 -4 

Andesite t 

2-4-2-8 

Basaltic glassf (one sample) 

1-9 

Basalt t 

2 -7-3-0 

KS(^dimentary rocks 


CarbonatciS 

1 -8-2-9 

Shale 

1 -(5-2-9 

Sandstone 

2-0-3-2 

Salt (halite) 

21-2-3 

Aiihydrite-gyj)sum 

2 -2-3-0 

Meteorites 


Nickel-ironf 

7-(5-8-Or) 

Chondrites t 

3 -4-3 -9 

Metam<>i 7 )hi(^ rocks 


Serj)entine to dunite 

2-45-3-34 


t Considered most likely to exist on the Moon. 


The scintillation coiinter has two advantages over the geiger counter or 
ionization chamber. First, the scintillation counter has a much higher 
sensitivity and therefore j)ennits shorter time constants or greater logging 
speed. Second, the use of integral biasing makes the tool leas sensitiv(i to 
tihe chemical coin})ositiou of the formation. The density log may be an ide^xl 
tool for the detection of lunar rock froths of widely differing rock tyx)cs. 
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Ganiniii radiation is permitted to leave the Honrce only in a conically shaped 
beam by using a tungsten collimator. For stationary surface use on the Moon, 
a gamma source might be placed in one leg of a stationary vehicle and a 
detector in another leg; for mobile surface use, a hemispherical shape would 
be rcciuired. 

The princii)le of the density log operation is not complicated. Assuming 
that single Compton scattering is the dominant process, rock density 
governs the response of the detector. For very low densities or very pene- 
trating radiation, the counting rate iucreas(‘s with increasing density. 

Magn etic Log 

The magnetic susceptibility log has received very limited use in petioleum 
exploration. Possibly this is due to highly specific applications — for example, 
stratigrajihic correlation of iron-rich beds. The ax)plication of this logging 
device in sediments is discussed in detail by Vcishev et al. [95], Kanis and 
Zuckernik [95], and Broding et aL [97]. Magnetic susce])til)ility is perhaps 
a more valuable x>arameter in identifying igneous rocks. Most l)asalts have 
a higher magnetic suscex)tibility than other extrusive tyx)es (Fig. 45). There 
are some interesting exx)loration aspects of locating iron-nickel meteorite 



Fia. 45. Magnetic suseoptibility of igneoim rocks vorsus 3niignotit.o concern trnt ion 
(Aft-or Mooney and Bloifuss [101]; Broding ct al. [97] ; Nugata [102].) 
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masses by a device of this type. A sizable literature exists on other magnetic 
dredges specific for meteorites ([98], pp. 258-64). 

One might speculate on the intensity of magnetic susceptibility as a 
function of the distance from an eruptive center. Also, hydrothermal altera- 
tion in volcanics (as may exist in colored areas such tis Aristarchxis on the 
Moon) drastically reduces magnetic susceptibility by alteration of magnetite 
to pyi-ite. 

The Soviet lunar probe indicated the magnetic field of the Moon to be 
less than 50 gammas. Therefore, because the induced magnetization is 
affected by the strength and direction of the applied magnetic field, magnetic 
susceptibilities of lunar rocks would be lower than their terrestrial equi- 
valents. The relative differences in susceptibility will remain the same, 
however. The magnetic susceptibility log of Eroding et al. [97 1 is an alter- 
nating current induction device with a sensitivity of 1 x 10“® cgs units. This , 
log is analogous to the gamma log in that it measures a natural property of 
the rock which is not necessarily specific to the rock type. For example, 
some tuffs are highly magnetic while others arc only weakly so. Magnetic 
susceptibility is reduced and coercive force is increased with a decrease in 
grain size. These variations could be important considerations in inteipreting 
magnetic variations in cosmic infall material which could be extremely 
fine-grained (in the 1 fx diameter range). In contrast, marked uniformity 
may be the rule for lunar welded tuffs if they exist, and if wo may c^xtrapolato 
to the Moon the data obtained by Hatherton [99] on the Whakainarii welded 
tuffs of New Zealand. 


(b) nuclear spbotrosoopio techniques 

Volcanism is a surficial result of a more fundamental ])roe.ess called 
defluidization, which is the release of volatiles from the interior of a cosmic 
body at any given rate and at any time. For oxami)lo, the enrichnumt of 
chlorine in sea water is thought to be the result of its addition to the hydro- 
sphere from volcanic sources over geologic time. A part of the volume of the 
seas is also thought to have evolved by defluidization of the Faith’s mantle. 
The majority of elements released to the surface by the defluidization ])ro- 
ccsses have high thermal neutron-capture cross-sections. This means that 
such elements and their compounds may be easily detected by nuclear 
prospecting techniques. 

Therefore, tlie degi’ec of importance of lunar nuclear siiectroscojiy is 
based on the particular mechanism which has formed the surfacK> of th(^ Moon. 
If the mechanism is volcanic, nuclear prospecting assumes importance 
because elements such as sulfur, boron and the halogens (excqit fluorine) 
may easily be detected by this technique, even under dust. On the other 
hand, if impact is considered the dominant mechanism, there will bc^ no 
mineralization diagnostic of volcanism, and nuclear prospecting is not as 
important. However, this should not be interpreted as cause for eliminating 
nuclear tools on the Moon. The most abundant metallic elements in an 
impacted terrain — ^iron, nickel and chromium — ^have high thermal neutron- 
capture cross-sections (2*5, 4-6 and 2-9 bams, respectively). 

An outstanding merit of the neutron gamma reaction is its ability to 
analyze a volume of material, not a surface layer. It could thus analyze 
through a thin surface cosmic infall layer. The pulsed deuterium-tritium 
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accelerator described by Mai-tiiia and Schrader has a depth of penetra- 
tion of neutrons of some 10 t<^ 20 cm of Earth materials in contrast to the 
1 mm depth of penetration of protons. The advantages and disadvantages 
of the proton-gamma and neutron-gamma systems are outlined in Talile 13 
together with other nuclear techniques suggested by Martina and Scluader. 
The neutron-gamma system prescribed by these authors includes a pulsed 
DT accelerator source, pulse height analyzer and data disj^lay system . 

The Moon represents an area on which the nuclear specti‘oseopy log may 
prove itself superior to surhice measuring devices. A spectrum of sulfur that 
is achieved I)y a nuclear Jog, employing a polonium-beryllium neutron source, 
is shown in Fig. 4(). Chlorine, another element of much interest and of wide- 



Fia. 40. Countiing rat.or vorsuH gainuia ray oiiorgy (sliowing Bullur iwak) ( After C-aldwoll 

and Sippol [04]). 

spread abundance on Earth and x>ossibly on the Moon, may bo detected in a 
silica matrix using nuclear spectroscoiiy techniques (Fig. 47). 


Detection Limita 

Figures 4() and 47 show that mineralization can be identified in rock 
matrices. According to information released by California Research Cor- 
poration detectable limits for elements that have been found in artificial 
formation in the laboratory using nuclear spectroscopy techniques (Dr. P. E. 
Baker, personal communications) are: hydrogen, 0-C% ; silicon, 7% ; calcium, 
3-6%; chlorine, 0*3%; aluminum, 12%; iron, 1-4%; magnesium, 15%; and 
sulfur, 2*4%. The minimum detectable limits for other elements (not 
included in aitificial laboratory formations but based on thermal neutron 
capture cross-sections) arc : potassium, 4-2% ; manganese, 16% ; and sodium, 
5-9%. Those figures are btised on sedimentary rock matrices, and some un- 
certainty must bo realized in extrapolating these minimum detection limits 
to igneous rock and meteorite matrices. These limits vary, depending upon 
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the concentration of associated compounds whose elements may compete 
in neutron absorption with a reference element. These limits arc graphed 
in Figs. 48 to 61, assuming that no interfering oifects are present. Certain 
detection limits will probably be lowered with refinements in instnimonta- 
tion. 



Fio. 47. Counting rate vorsus gamma ray energy (Hhowiiig hydrogenn, Hilicon and 
chloriiio peaks) (After Balcor [103]). 


The minimum nuclear log limits are based on neuti’on-gamina reactions 
of elements of neutron capture-cross-sections given in Table 14, The elcMnents 
are grouped in categories of lunar significiince. 

Silicon, although of low thermal neutron-capture cr()ss-s('cti()n (0'13 
bams), is so abundant in all rock types that its concentrations is w(4I within 
the minimum detectable limit of 7% (Fig. 48). All rock tyjx's could thus 
be analyzed by neutron-gamma techniques for silicon variations. The ])ros- 
pect of adequately defining aluminum by such reactions is not good, even 
with considerable lowering of the miniimmi detection limit. Howevc^r, other 
techniques such as induced radioactivities are quite suitable for aluminum 
analysis by miclcar methods. 

Iron, on the other hand, is amenable to the neutron-gamma analysis 
methods. Almost all rock types — enstatite chondiitc, anorthosite and ser- 
pentine excluded — arc above the ass'umed minimum clc‘tcctal)le limit of 
1-4% (Fig. 49). Nickel-iron meteorites arc not shown; they havc^ iron con- 
tents of about 91%. Manganese concentrations are too low in common 



Tabi^ 14. Significant Elements in Lunar Spectroscopy 
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rock types to be detected by the nuclear prospecting system endorsed. The 
lack of character to the abundance data of manganese would indicate that 
if manganese were detected, it could be interpreted as being manganese 
mineralization regardless of the nature of the host lithology. However, 
magnesium concentrations show a wide range (Fig. 50). Certain groups, 
such as the chondrites, the ultramafio rocks and serpentines, are above the 
minimum detectable limit. 

If the detection limit of calcium in an igneous rock matrix is 3*6 as 


0 5 10 IS 20 ^5 30 35 


1 Lithosphere 

2 Continental Igneous rock 

3 Continental surface crystalline rock 

4 Continental crust 

5 Orogenic belt crust 

6 Continental margin crust 

7 Pacific basalt (1 16) 

8 All sediments (unmet.) 

9 Cont. shield sediment 

10 Orogenic belt sediment 

1 1 Continental margin sediment 

12 Hemipelagic sediment 

13 Pelagic sediment 

14 Stony meteorite (107) 

15 Chondrite (96) 

16 High total Iron chondrite (40) 

17 Low total iron chondrite (56) 

18 Enstatite chondrite (6) 

19 Carbonaceous chondrite (15) 

20 Chondritic-type achondrlte (12) 

21 Basalclc'type achondrlte (22) 

22 Ultramafic rocks (182) 

23 Dunite (9) 

24 Perldotite (23) 

25 Mafic rocks IncI, nephellne types (721) 

26 Mafic rocks excl. nepheline types (637) 

27 Gabbro(l60) 

28 Alkali basalt (96) 

29 Tholellte(l02) 

30 Intermediate rocks Inct. nephellne types (810] 

3 1 Intermediate rocks oxci. nephellne types (635' 

32 Dlorlte(50) 

33 Latite (42) 

34 Andesite (49) 

35 Anorthosite (In massifs) (9) 

36 Monzonite (46) 

3/ Calc-alkallc trachyte (24) 

38 DacitG(50) 

39 Tonallte (58) 

40 Felslc Igneous rock (794) 

41 Cranodlorlte (137) 

42 Adamellite (121) 

43 Calc-alkallc granite (72) 

44 Calc-alkallc rhyolite (22) 

45 Serpentine (5) 

46 Ecloglte(34) 

47 Amphibolite (200) 

48 Slate 161) 

49 Mica schist (103) 

50 Quartzofeldspathic gneiss (250) 


Numbers in parentheses indicate the .number of individual analyses involved in determininf» 
the average. 



Fig. 48. Silicon content in rocks. 
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assumed, this element falls in between chondrites and most ultramafic and 
mafic rocks (Fig. 51). One might conceivably distinguish between gross 
rock types on a yes-no basis hy setting the instilment on critical concentra- 
tion detection levels. On the Moon, high calcium contents w'ould be iminob- 
able unless traveiiiine dikes, as associated with certain South African and 
Arizona diatremes, are abnormally abundant. 

The capabilities of the neutron-gamma nuclear log ai*c poor as far as 
sodium detection is concerned. Even the most alkalic igneous i*ock falls well 
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Fju. 40. Iron ooiitont in rookw. 
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below the assumed mmimurri detection limit of 6*9%. One might possibly 
detect potassium in these alkahc rock types. Doubtless, phosphonis is al- 
most impossible to detect when present in normal concentrations in rocks 
since its cross-section is only 0-19 bams. Chromium, on the other hand, has 
a larger cross-section of 2-9 bams. No data are available as to what tho 
minimum detection limit of this element might be in non meteorites. 

Because sedimentary processes are considered imlilcely on tho Moon, tho 
presence of carbon is also improbable. However, high-energy accelerator 
neutron sources have been used on an experunental basis to detect organic 
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Fia. 50. Magnesium content in rocks. 
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carbon in the borehole [104]. Probably carbonaceous chondrites could also 
be detected by this technique. Titanium, with small range and low concentra- 
tion in rocks, is not considered a likely element for lunar prospecting in spite 
of its high neutron -capture cross-section of barns. 

From the preceding discussion, we may conclude that silicon, iron, mag- 
nesium and calcium arc suitable elements for lithologic analysis of the lunar 
surface of the Moon using neutron-gamma reactions with a DT accelerator 
source. For detection of volcanic mineralization. Table 14 shows that sulfur, 
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Fig. 51. Cnlciutn oontont in rockfl. 
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chlorine, boron, iodine and bromine all have high thermal neutron caj)ture 
cross-sections. The abundant elements in imi)acted terrains (iron, nickel 
and chromium) are also of high cross-section. The depth beyond 10 to 20 cm 
to which iron-nickel debris might exist on the Moon could, however, be best 
detected by a two-curve magnetometer. 

Both the neutron-gamma and the proton-gamma systems of the type out- 
lined by Martina and Schrader [100] are endorsed for incorporation in a more 
sophisticated lunar vehicle for the reasons outlined below: 


Source 

Weight of 
system 

De^th of 
analysis 

Material analyzed 

14 mev neutron source 
from DT accelerator 

25 kg 

10-20 cm 

Subsurface volcanic 
mineralization, host 
lithologies, and 
permafrost (?) 

14-mev proton source 
from accelerator 

25 kg 

1 mm 

Cosmic infall layer, sur- 
face lithologies, and 
suiface-induccd radio- 
activities by external 
solar and cosmic 
radiation 


The risk of discounting one hypothesis and instrumenting lunar i>robes 
on the basis of the other is too great to consider at this stage of space oxploi’a- 
tion. Volcanism ojffers: (1) better prospects of water in various forms, (2) 
mineralization that would prove vital in maintaining a scientific base, (3) 
terrain advantages for protection and concealment, and (4) easily manipu- 
lated building materials. Therefore, consideration of the best tools to inter- 
pret a volcanic surface is at least as important as intci*j)rctmg an iiniiactcd 
lunar surface. Prospecting for elements of high neutron- captures cross- 
section by nuclear spectroscopic techniques has been recommended [105]. 
In particular, the pulsed DT accelerator neutron-gamma technique suggested 
by Martina and Schrader [100], has been proposed. 

(o) GBOPHYSIOAIi TRAVERSES 

Of the^numerous geophysical tools that might be ai)plied to the lunar 
surface, four in addition to the geophone deserve mention. These are the 
magnetometer, bolometer, gravimeter and scintillometer. Poxir important 
geophysical traverses involving these instruments, across an invaded lunar 
crater of meteoritic impact origin and across one of volcanic origin, arc shown 
in Fig. 62. For both the impact and volcanic crater, invasion by basalt on 
the seaward side is assumed. The letter f in the volcanic crater denotes an 
active fumarole. Numbers at the top of the diagram will bo refciTcd to for 
correlating the curves with surface features. This figure is applicable both 
to altitude and surface surveys with the exception of the two-curve magneto- 
meter. For the purposes of this discussion, the near surface curve will be 
considered the one applicable for the lunar surface magnetometer traverse. 




19. GEOSCIENCES APPLIED TO LUNAK EXPLORATION 


251 



Krd. 52. C^oopliyrtit^rtl surfiiccj and aliiituclo siirvcyK acroHH invaded lunar orator. 
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The gross difference between the near-sm*facc nuignctoinet(^r profile 
across an impacted terrain and that of a volcanic terrain reftocts the order 
of magnitude difference between the magnetic susceptibilities of volcanic 
and chondritic material. This difference would exist even in the wc'ak mag- 
netic field present on the Moon. Theoretically, the near-surfaco curve of the 
magnetometer traversed on an impacted ten'ain would be in conti'ast in 
other ways with that of a traverse across a volcanic terrain. Por I'xainple, 
to the left of point 1 on the volcanic terrain, surface expression of a noi-nial 
fault could be reflected because of two possible mechanisms. TIkj fii’st is tliat 
faulting is sometimes accompanied by hydrothermal alteration and the 
production of minerals of lower magnetic susceptibility than the original 
minerals. The second mechanism would be the dismption of tlu’: sui'facje 
layer of magnetic cosmic iofall material thereby exposing the less magnetic 
volcanic ash or breccia. 

On the other hand, the impacted terrain to the right of point 1. ( Fig. 52) 
illustrates a deeply buried but large iron-nickel mass or its fragtiu^uts. The 
near-surface curve, although not reflecting this miiss as strongly 4 is if it 
were closer to the surface, shows an anomaly in an opposite scmsc". to that 
illustrated by the curve representing the traverse across the volcanic cratei*. 
More distinct anomalies in the impact terrain arc indicated along th(^ near 
surface magnetometer curve at points 2-5, 2-8 and 3-7. The fairly (^ven 
magnetometer profile from 1 to 3 across the volcanic tcri'ain is ])()ssiblo if 
the data by Gerard and Lawrie [95] may ])e extrapolated from welded 
tuffs in New Zealand to lunar crater flanlcs in non-marc areas. This is so 
because many welded tuffs have a remarkably uniform magnetic stisccmti- 
bility. 

Inasmuch as the internal features of calderas on Earth originate at a 
later time than the caldera walls and flanks themselves, oiu'. might 
expect fresher surfaces of silicic material and corres}>()ndingly thinner 
accumulations of cosmic infall material on the caldera flooi's. The fraeturi's 
on the caldera floor may therefore be more recent than the one at ])oint 1 . 
The fumarole/is also shown as being free of cosmic infall material. I'he most 
recent large-scale event illustrated is the invasion of the (irater by basalt. 
A slight increase in the near-surface curve from 7 to 9 reflects tlie^ g!*eatcr 
magnetic susceptibility of the basaltic rock tyi)o. The curve rises in response 
to an increasing thickness of basalt seaward, with the exception of a slight 
dip reflecting the fault intersection at 9-3. 

^ ^ On the basis of the previous discussion concerning the infrared charaidiu*- 
istics of meteoiitic and volcanic materials, it is possible to obtain the 
shown by the infrared response curves. However, the anomalies along the 
curve representing the volcanic terrain deserve amplification. Near j)oint 1, 
a positive anomaly indicates an above-normal heat flow from a faxilt The 
volcanic crater floor may possibly be warmer than the crater flanks l>ecauso 
of numerous rim fractures, as at 3-2 and 3-5, and a central extinct volcano. 
Volcanoes, even if not active, commonly exhibit hot-spots. Tlie shamest 
anomaly at 4-5 (marked by /on the volcanic terrain) indicates a ftunarole. 
Many oi the dark spots in the crater Alphonsus are thought by some to 
represent fumarolic activity. From 7 onward, a slight increase in infrared 
actmty over that of the welded tuff on the crater flanks is indicated liecause 
of the greater percentage of absorption of heat in the darker basalt. However, 
this IS not to be confused with heat generating potential. Silicic rocks, such 
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as rhyolite or tuff, have a higher concentration of uranium, thorium, and 
potassium, than basalt. 

A slight positive anomaly at 9*2 reflects a fault cutting the basalt. In 
the infrared curve re])reHenting the traverse across the impacted terrain, the 
low and uniform radioactive element content of chondrites accounts for the 
low heat flow as compared with the volcanic infrared curve. The anomaly 
at 9*3 is lower than over the volcanic terrain. This is because the heat flow 
from buried ebondritic rocks is lower than that from the buried silicic 
rocks. 

With regard to the gravity ])attern over an impacted terrain, some of the 
large buried masses of metallic meteorites, as at 1*2, 6 and 8*3, would create 
anomalic's : the larger and more shallow the buried meteoritio mass, the 
gr<‘at(‘r the gravity anomaly. Tlie overall greater density of stony meteorites 
would eaust' the gravity ])rofile to be above that of the volcanic traverse, 
particularly if roc;k froths contribute to the lunar surface rocks. A gravity 
low is prc‘dicted across the volcanic crater (Fig. 52) if results from the 
Kiittyaro gravity survey in eastern Hokkaido, Japan, can bo extrapolated 
as a gen(‘ral (uist% and if we assume the volcanic crater shown to a caldera of 
th(^ Krakatoa ty]>e. 

In Hokkaido, Japan, a gravity survey mode in March 1958, on the frozen 
surfa<‘.e of tlu^ lake filling the caldera showed a low Bougucr anomaly of 
about 4<) milligals <u>ncciitrated in the center of the caldera [107]. Analysis 
of the disiribiition of anomalies shows that low-density material (pumice), 
about 0*3 to 0*6 g/(^(} less dtuiso than the sxnToundings, has accumulated to 
a do])tli of 3 to 4 km beneath the lake. In calderas formed by the subsidence 
of rock mass(*s without, emption of pumico (the Glencoe tyx)e), higher 
Bouguer anomali(‘s should be observed. This has actually been observed 
in a caldera of this type^ ; the Mihara caldera shows a high of about 15 milligals 
in the crattM* ec*nt(‘r | lOS |. 

With the (‘.xcu'-jjtion of the magiu^toineter traverse, most of the gcoj^hysical 
curv(^s ov(‘r m(*t(‘<)riti(t terrains may x^ossibly be more monotonous than 
ov(n* a voleani(t t(nTai!i. This may ))est l)o illustrated by the radioactivity 
trav(*rs('K. ()v<m* a mettM)ritic lan<Isca])e, the abundances of the radioactive 
eleim^nis giving ris<‘ to al|)ha activity arc orders of magnitude lower than 
tluw^ (*l(‘m(Miis in vok^anie rocks. The gradual increase in nxdioactivity in 
the m(4(‘<)ritl<! trav(^i'S(^ from 7 to 9 reflects the increasing thickness of basalt. 
Regarding th<^ vole.ani(i i.errain profile, blips in the curve at 1, 3*2 and 3-5 
refl(‘<*t i*a(lo!i l<»a.kag(» along faults l)ordering the caldera. The largo anomaly 
at 3-5 is aseribabl(‘ to rmlon leakage from a fumarole. 

Additional g(*ophysi(^nl traverses could also be jdotted on a diagram of 
this tyj)<‘, and oth(‘r f(‘atur(‘S of both an impact and volcanic nature coxild 
be ineoipoi*at(‘<i into tin* skc^tches. Geoxdiysical techniques may i>rovo to bo 
decisive in analyzing lunar surfaec^- and subsurface structures. 

Mor(‘. g(‘o|)hysi(iiil travcM’ses ov(U’ volcanic and metcoritic craters on Earth 
are. re(piir(‘(l so that lunar luturn data can be more fully intorprcjted. An 
excellent (‘xample of a terrestrial nixidy of this typo is that given by Nemoto 
et al [751 perfornuMl nunu'irous gco})hysioal traverses across the XJsu 
(Showa-Shinzan) volcano in soxith- western Hokkaido, Japan. Gravity, 
seismic, magnetic., oh^ctrical, and radioactivity surveys and temperature 
mcasur<nn(Mits werti made to study undergi’ound structures and surface 
phenomena. 
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CONOLTTSIONS 

The application of the geo-sciences to manned lunar exploration may be 
divided into five groups: terrain, rocks, minerals, power and tools. By 
understanding the processes which formed certain features on Earth, we 
will be more capable of realizing the advantages of impacted and volcanic 
terrains on the Moon. A lunar terrain would offer more natural protection 
to man. Volcanic rocks would also be more useful to the lunar astronaut than 
meteoritic rock because of the adaptability of certain volcanic materials for 
insulation and because their water content is much higher (approximating 
1% by weight). 

Moreover, water in the form of ice is more likely to be found in the 
eternally shadowed zones of a volcanic surface than an impacted one. Sulfur 
may also be a valuable raw volcanic material for use as waterless cement. 
The uses of cosmic infall dust, if ferrous, are obvious. Heat i)roduccd by 
impact would tend to be dissipated rapidly in contrast to internal heat 
developed in tectonic zones of weakness. Tn this case, possible fumarolic 
activity or radon leakage may exist in these fracture zones. 

The tools best-suited for a study of these features depend on the predicted 
range of environmental and surface conditions. Tor example, inspection of 
possible surface vesiculation of melts extruded into vacuum would favor 
the application of a density log. The geophone would also be valuable in 
determining whether surface or subsurface noise were the dominant cxi)res- 
sion of energy release. Geochemical investigation of the subsurface would 
require a form of nuclear prospecting device. The i)rompt gamma emission 
technique may be used to analyze for elements of high neutron-capture cross- 
section common to both impact and volcanic terrains. 

These analytical methods of lunar exploration would yield information 
not only concerning the lunar crust but also regarding the origin and develop- 
ment of the Earth’s crust, such as the origin of continents and the perman- 
ency of the ocean basins. The presence of water in any form on the Moon, 
particularly as ice in the shadowed zones, could provide data on the nature 
of pre-life sea water on Earth. Tinally, the nature of the lunar craters would 
be a logical preliminary step in the interpretation of the surface fc^aturcs of 
other cosmic bodies. 
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ON MOON VOLCANISM 


N. BONEV 

Astronoiniml InMitute, University ojf J^ofia, Bulgaria 

1. The Moon craters grew out of Moon volcanism in the remote past. N. A. 
Kozyrev obsorvod a volcanic eniption at the beginning of November 1968. 
In idle remote past this activity was probably much more intense. The 
distribution of the craters over the otistern and the western halves of the 
Moon disk does not support the ineteoritic hypothesis of the origin of the 
Moon cratoi‘s. We ascertained this in 1955 and 106() by means of some 
theorems from the field of continued probabilities bearing on the hemisphere 
and on the polygonf. The eastern hemisphere of the Moon is continually 
undergoing a mctcoritic bombardment to an even greater degree than the 
western one, yet no acle(|uatc effect is to be observed. It is true that nowa- 
days the orl)ital velocity of the Moon about the Earth is slow in respect 
to the annual motion of the Earth about the Sun. However, according to 
the theory of ])robability, the slight advantage of the eastern over the 
western hemisi)hcre would certainly have become apparent after a sufficiently 
large number (say several hundreds of millions) of years. 

The eastern and the western hemispheres of the Moon ha])ponod to play 
a game of chance, an unfair one, of course. The gambling house, say that 
of Monte Carlo, exists and will exist. Why'^ Because the odds favour the 
house. If the game were a fair one, the gambling house would become 
banknipt. However slight the unfairness of the game, it ensures the very 
existence of the gambling house in the course of time. 

Moreover, one should bear in mind that in the remote past the Moon 
was much nearer to the Earth and its orbital velocity sensibly higher. 
According to G. H, Darwin, the Moon — in its initial state — ^i*evolvcd round 
the Eartli in 5^ hours; at that timet it was at a distance of earth-radii 
from it. Yet, it is not noc^ossary to go so far into the remote past. 

The fundamental theorems of continued probabilities, as mentioned 
above, are as follows: 

(1) The ju'obability p that the angular distance of two points, taken 
arbitrarily on tlu^ surfa(*.e of a hemisphere, is to be smaller than a is 

2 ) = 1— eosa, (a small). 

(2) The i)robability tliat the linear distance of two iX)ints, taken arbit- 
traiily within a flat p)olygon, is to bo smaller than a given length € is 

p = COt^ + 1] 

In this formula B and L arc the area and the perimeter of the polygon 
respectively; S is the sum of all such angles |2]. 

t Wo doalt with this matt;or first in 1936 (Roe I'of. [1]). 
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It should be noted that we take into consideration the iiifluonco of the 
deformation, when making an orthographic projection of the Moon surfaco 
on a plane, which is perpendicular with respect to a lino from the Moon’s 
centre. 

When we were working in 1956 with the visible craters of the Moon only, 
we forbore from making any hypothesis whatever as to the distribution of 
the craters over the invisible surface of the Moon and availed ourselves of 
the second formula as given above. The findings were the sanu** as those of 
our investigation in 1955 (first formula), when we readied the eonelusivo 
hypothesis that the distribution of the craters on both the paits of the M oon, 
the visible and the invisible, is the same (i.e. the same miinbcn* of craters, 
characterized by the same TniuiTmim distance). What does this result nioan'^ 
The meteoritic hypothesis of the origin of the Moon craters does not cori'e- 
spond to the facts. What accounts for the similarity of both ixwults'^ Tlxo 
fact that both these investigations were founded on tlie visible c^ratc^rs. The 
quantity of craters on the first quarter is greoiter than that on the lost quarter. 
The very essence of our argument against the meteoritic hy])othesis lies in 
this cardinal fact on which our computations are based. (The ininiinuiu 
distance between the craters is of importance as well. A larg(^ tniniiniun 
distance characterizes very straggling craters.) 

On the latest map of the reverse of the Moon, as presented by Profwsor 
A. A. Mikhailov to the Stockholm Astronautical Congi'css in Augxtst 1900, 
one can see immediately that the right half of this reverse sid(^, upon which 
a greater number of meteorites falls, contains fewer craters than the left half. 
This is a further confirmation of our argument against the nud-eoritic hy])e- 
thesis. 

We refer, of course, to the more considerable craters, i.o. those to bo 
seen on ordinary scale maps. The smaller craters are not so inti^nwting. 
They may have grown out of different causes, including niet(M)rit(^ fall. 

2. This conclusion, founded on close examination of the natural satellite 
of the Earth, is of very great importance to astronautics. If thi^ majority 
of Moon craters were reaUy of meteoritic origin, this would liav(' (tloudwl 
the horizon and darkened the outlook for astronauticisj. '!riu' obstu’vations 
by Soviet artificial satellites (from 1958 onwards) have also sliown more 
exactly that the surrounding space is comparatively “ cslean 

3. The volcanism has been exceedingly intense on the Moon in the 
remotest past. It may be that its volcanism has caused thc^ vt^ry (^\istenc(^ 
of the Moon as an Earth satellite. 

The Moon is a particularly anomalous satellite in many r(^sp(Hd.s. Wlieii 
compared with the other satellites, it has a very groat mass in rosix^c^t to its 
primary body (planet). Its moment of revolution is c()nsideral)ly gn^ater 
than the rotation moment of the Earth. It looks a rather “ unn^liablo ” 
satellite of the Earth. If we could stop the Earth in its revolution round the 
Sun, the Moon would separate from the Earth and would beconu^ a ])lanct 
of the Sun. The case is quite different with the satellites of Mars and tlxo < )th<T 
planets (the motion of a point by Newtonian attraction from two iixcul 
centres). After all, the occurrence of large craters as on the Moon is such as 
can be observed nowhere else. 


t Cf. my lectures delivered to the astronautical congresses in Ainstcrdtun (August 
1958) and London (September 1969) [3]. 
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All this suggests the idea that piiinarily the Moon was, perhaps, a stranger 
to the Earth and that its orbit was very close to tliat of the Earth (planet of 
the Sun)t. It “ came in orbit ” round the Earth and became its ‘‘ artificial 
satellite ” by a con'osi)onding change of its velocity duo to a huge volcanic 
eruption. To all appearances, it had initially an enormous internal energy 
like the planet Phaothon which even bui’st, thus giving rise to the asteroids 
and the meteorites. The Moon is the “ last stage ” of a “ multi-step ” 
spherical rocket. It has lost a considerable ])art of its initially very large 
mass, nearly equal, perhaps, to that of Phaothon (0 ■07-0* I of the mass of 
the Earth). 

May bo the api)i*oach of the planet Moon to the Eaith (we mentioned that 
the ori)its of both these celestial bodies had been initially very close) has 
given rise to that tremendous volcanic eruption on the Moon, just as the 
approach of Phaethon to Jupiter, along an orbit voiy close to that of the 
latter, has caused l.Miaethon to burst [cf. 4]. 

Why should wo assume that Nature has realized rocket motions only 
in the organic world (sepia, medusa, the insect dragon-fly during the aquatic 
phase of its life)? Nature has realized such motions in the inorganic world as 
well, e.g. in the catching of the Moon by the EaHh. 

Cosmogony does not today distinguish any essential difference between 
stars and ■|)lanets in respect to their origin or to their internal energies. Just 
as stars exist with enormous internal energies, so also can planets exist 
having considerable internal energies. 

Tsiolkovski’s e(piation shows that it is ])referablo to increase the velocity 
of the ejected gases in ordc^r to obtain high speeds in rocket propulsion, and 
then to aim at inoroasing the mass ratio of the rocket. 

Porhax)S Nature did j\ist this with the Moon. In this rosjmet Nature 
shows her oxcealiugly largo capabilities^. 

Lot us take Tsiolkovski’s (Mpuition outside of the field of attraction 


u Jfo 

^ = T 

A M 

where V is the velocity at an instant when the mass of the rocket is M] Mq :is 
the initial mass, and u is the velocity of the stream of exhaust gases. The 
logarithm is to the base 10; A = 0-434. . . . 

Lot a given volcano on the Moon become active. After a series (I) of 
eruptions the Moon’s centre will have the velocity Vi, Jiu is the H])(‘ed of the 
stream of gases, Jl/o and M\ the initial and the remaining mass of the Moon, 
respectively, then 

% M{) 

= - log ; 


in another volcano which becomes active after the first one, at the same sx>eed 
u, at the end of the new s(^rios (II) of crui>tions, when the Moon mass has 
becomes i/ij and the new vc^loe.ity communicated to the Moon centro is K2> 
we shall luivo 


u Ml 
^'2 = 7log7~. 
A ifa 


t Evon nowiuliiyH tho Moon orbit, in roHpwst (ki tlu' Sun, iH fully ooiic-ivvo (wHilx a 
slight chango of the <!iirviitui'c— it is Honiuwhat b.'BB at n(>w W(M)n than in full Moon)- 
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After n such series of eruptions we shall have 


Vn 


u 

-log 


Jfn-l 

Ar„ ■ 


If WO take the sum of all these velocities, we shall get 


Fi+ V%+ . . . + F» = - log^- 
A Mn 

Therefore, in this case again, only the ratio of the initial and the final 
masses is of importance. The intermediate masses and their ratios, respectively, 
would be of importance only if the velocities of the gases from the different 
volcanoes were different. 

The sum of the left side of the latter equation Fi + F 2 + • • ■ Fn is a 
geometric one. 

For this sum to be large, it is necessary: (1) that the individual terms 
correspond to eruptions nea/rly in the same direction (this has been assumed in 
our deviation), (2) that ilfo/ilfii be large, and (3) that also be large, which is 
the most important condition. 

With the value of the mass as admitted above for the “ planet ” Moon 
Mq/M makes approximately 10 and the sum of the left-hand side of the last 
equation is nearly equal to 2*34^. 

Taking into consideration the velocities possible in Nature, one can under- 
stand that the velocity V 1 +V 2 + • • • Vn may easily become sufficient for 
the Moon’s catching by the Earth to prove possible, viz. that the Moon 
becomes an artificial ” satellite of the Earth, even if the quotient MoIMn 
were considerably less. 
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SPECTROSCOPIC PROOFS FOR EXISTENCE OF VOLCANIC 
PROCESSES ON THE MOON 

A. KOZYRJEV 

Pulkovo Obftervatory, Leningrad, U,S.SJi. 

A CONCEPT of the Moon dovoid of internal energy, sufficient for volcanic 
and mountain-forniing processes, is widely acco])tcd at the present time. 
Therefore, it is generally assumed that the relief h)rmation of the Moon is 
due to external actions on its surface. However, such a view|)oint is not 
sufficiently substantiated. In fact, the history of Earth’s relief shows that 
the ])eriod of telesco])ie observations of the Moon is too short to enable us to 
observe changes in whole sections of the cnist. Catastrophic changes, apart 
from actions of water and atmos])here, occur on the Eaith only in a very 
restricted area, and the size does not exceed a few kilometres. Therefore, 
we must not ex])ect on the Moon any sudden changes over an area exceeding 
appreciably one square second. The reality of such minute effects in the relief 
could hardly be (‘stablished on the basis of available cartographic data. 

Whereas it is impossible to establish morphologically in exact manner 
the conse(|uencc‘s of mountain -forming jwocesses, we may attempt to detect 
the existeiute of these' processes from the accompanying physical phenomena. 
The luminesc(^nce of gas(^s es(ia])ing from the lunar interior may constitute an 
exam])Ie of such a plumomenon. A flame, i.e. the luminescence of tli.e gases 
themselves, can hardly be obs('rve(l because of the absence of atmos])here 
and free oxygen on tlu' Moon. However, a luminescence of gases must occur 
under the action of solai* radiation. After the observations had proved the 
fluorosceiH^c' of rocks (constituting the lunar surface, it became evideint that 
the fluorescu'iuse of gas(u)us cloud should be observable much more distinctly 
near the ti'rminator — due to to tlu^ g(M)m('trie effect of illumination — than 
the fluon^sc.eiK^e of tlu' surfa<?e; itubunl, it should (wen produce the effects of 
atmospheric mist, vi'iling the lunar surfat^e. h\on\ general cioncepts of light 
al)S()r])tion on the photodissoeiation of molecule's, we .may assume that 
molcHUik's al)ov(' cm- of the surface should be suflicicuit for a complete absorp- 
tion of th(^ short-wav(‘ solar radiation and, (t()ns(H|nently, for obtaining the 
maximum luminosity of iliiores(uuKu\ The temporary ('xistenuu'! of siudi a 
local atjnosplu'H^ of |)ressure, smaller than one-billionth of the t(MTestriaI 
atmos])h('r(‘, is ({uit(^ ])ossil)l('. 

The Americ-an astronomer, I). Alter, was the first to s(uuire an objective 
proof atteting to tlu^ ttunporary appewamu^ of tlu^ niist which can ohscnirc 
certain rc'gions of th<^ lunar surfacio. On the basis of a (joinparison of j)hoto- 
graphs tak(‘n in vioh't and infrared rays, Alter arrive^d at thc! conclusion 
that he had obseu’ved a blurring of the features iti tlu^ crater Aljffionsus. 
Howcv(m*, only tlu^ spcKd.ral analysis can provide a direct, and rigorous proof 
of the existencu^ of such ])hysi(*.al proccsscvs on tlu*! Moon. Only by this method 
can we establish aiul investigate additional sp(ujtrnl ])eenliarities, which the 
physical ])h('nomenon on the Moon adds to the usual solar s])ectrum reflectiMl 
from thc lunar surface'. 
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We must not expect the number of active regions on the Moon to he gi*eat. 
Therefore, to solve the problem of lunar activity, it is quite suf!i(dcnt to 
prove the existence of just one active area. In these spectral investigations 
it is important that the width of spectrograph slit bo not gi’eat(^r than one 
second of arc with a sufiScient focal -ratio of telescope. The 5()-in. reflector 
of the Crimean Astrophysical Observatory with the scale of 8" per mm fully 
satisfies these requirements. 

Beginning in 1955 up to the present, I have conducted s])cctral examina- 
tions of many sections of the lunar surface by means of tliis rcdleetor. In 
1958, after D. Alter had published his interesting photograi)hs of Al])honsns, 
I decided to pay particular attention to this crater. 

On 3 November 1958, with exposure lasting from 3 hr 00 min to 3 hr 
30 min (UT), a spectrogram was obtained, showing the hnninescence of gases 
escaping from the central peak of Alphonsus. During the time of ex])osure 
the central peak on the spectrograph slit appeared to bo brighter and whiter 
than usual. Suddenly, the brightness of this peak dropped to normal during 
the time on the order of tens of seconds. Then I terminated the ex])OHiire 
immediately and started a new one lasting from 3 hr 30 ruin to 3 hr 40 min 
with the same position of the slit. This spectrogram confirmed the reality 
of the visual impression; it showed the spectrum of the (piite normal state 
of the crater. In addition to these pictures, I obtained during the same night, 
at about 1 hr (UT), one more spectrogram through clouds; this Hj)ectrogi-am 
was also completely devoid of any symptoms of gaseous omission, 

I pointed out in my preliminary reports that the central peak on this 
spectrogram appears to be noticeably weaker in violet rays, and that this 
phenomenon can be explained by the ejection of dust, i.e. volcanic ashes. 
However, a detailed study of this spectrum, earned out at Pulkovo by 
Miss Polozhentseva, proved that this report was not correct. It can bo (‘.on- 
cluded from the above data that the duration of the gas-es(^a])e process 
was longer than 30 min and shorter than 2 hr 30 min. During th<^ nc'xt night, 
3-4 November, I managed to obtain two further s])cctr()grams of Alphonsus. 
These spectrograms showed that the state of the crater remained normal. 

Figure 1 illustrates the position of the sj)octrograph slit during the 
exposure of the spectrogram with gaseous emission. The height of the 
Sun above the horizon of the crater was equal to IS*^. The lu^xt j)i(;ture 
(Fig. 2) reproduces two spectrograms of Alphonsus, obtained onc^ afttu* aiiotluu* 
from 3 hr 00 min to 3 hr. 40 min (UT) with the indicat(*d slit position. 
These spectrograms show clearly the spectra of eastern and w'c^sttM’ii walls 
of the crater and the spectrum of the central peak with its shadow'. 

An additional emission, superimposed on the normal spcnd-nim of the 
central peak, constitutes a striking feature of the first spect.rogram. The most 
characteristic peculiarity of this additional emission consists of a band with 
a comparatively sharp red edge of about 4740 A. The .brightn(‘ss of this 
band attains 40% of the normal brightness of the peak at the sam(^ wave- 
lengths. This band is characteristic of the spectra of cometary h(iads. It is 
beyond any doubt a band of Swan resonance series of carl)on jnolecule C)‘ 2 . 
A system of weak bands with maximum of about 4400 A is noticeable to- 
wards the violet. The blurring of the Fraunhofer line at 4384 A cionfirms 
the existence of emission there. Two bands with maxima of 5470 A are 
seen on the long- wave side. It is possible that the last band also constitutes 
a Swan band. 
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The emission spectrum of the central peak was studied thoroughly by 
A. A. Kalinyak at the Pulkovo Observatory with the aid of a microphoto- 
meter. He will publish a s])ecial report on this research. T would like to discuss 
only certain essential ])eculiarities of the spectnun. The measurements demon- 
strate that the band at 4740 A had a distin(*.t structure, which confirms the 
gaseous nature of this emission. A number of maxima of the band structure 
coincide with vibration transitions of C 2 molecule. However, the entire band 
is nmch more complex, its extension along the spectrum is almost twice as 
gi'eat as the normal (‘xtension of this band, and its maxima are strongly 
washed out. It is very important, for clarification of those circumstances, 
that the entire bright i^ortion of the band from 4640 A is shifted toward 
the Sun away from the centi'al ])eak and the position of weak bands. This 
shift is conspicuous on the s])ectrogi‘am, and is confirmed by measurements 
per|)endicular to the dis})€M*Hion. The results of measurements are presented 
in Fig. 2. The u])i)er curve on this diagram gives the normal xmofile of the 
central peak, obtained from measurements in the region AA4740— // p, where 
the emission is clearly absent. The middle curve, obtained by subtracting 
brightnesses of tlu^ normal profile from brightnesses of the j)cak in region 
AA4575-4()10 A, gives th(‘ ])rofile of a weak emission. The emission band of 
4740 A, based on three cross-scHstions on borders of the band and in its 
centre, is shown on the lower curve of the diagram. This curve gives the same 
shift of brightness maximum toward the Sun by 1*2, i.e. by 2 km. 

The following conclusions can be drawn from these data. The gases 
consisting of complex molecules, ])roducing a weak emission, cscai)od from 
the central ))cak of Al])honsus. This circxunstance must not be regarded as 
accidental. Assuredly, tlu* ])eak of this formation has a funnel, i.e. constitutes 
a genuine volcano. Henc(‘ wc^ (nui conjecture that the central peaks of lunar 
craters may be of a similar origin to the cones of terrestrial volcanoes and 
are, cons<*(pieintly, gradually accumulated formations. The outer craters 
thoinselvcNS may b(‘ similar to (calderas of terrestrial volcanoes, formed by 
subsi(lenc<^ diu^ to tlu* (U'pletion of magmatic seat. A largo diameter of lunar 
craters, exceeding by nearly one order of magnitude the size of terrestrial 
calderas, can be ex])lain(^(l by the fact that the gravity on the Moon amounts 
to one-sixth of th(^ gravity on the* Karth surface*; and, as a result, an arch Tuay 
have an appnuuably gr('a.t('r diameter without colla])sing. 

The complex molecules, csc^aping from the funnel of the central peak, 
had to disint(^grat(^ under the action of the short-wav(^ radiation of the Kun. 
The radical 0*2 could be produe.ed only in this way. In the presence of a suf- 
ficiently gn^at niiitiber of primary molecules the short-wave radiation of the 
Sun, wdiieh caused the photodissoeiation, could not i)enctrate far into the 
gaseous (doiid. Th(‘n4br(\ the molecules of (.I 2 (nnild l)e ])roduccd only on 
the border of the cloud facing the Hun. The shift of brightness maximum of 
4740 A band may due to this fact. This should make it possible to draw 
a very simx)le estimate* of the amount of gas escajung from the central x^eak. 
The n()n-trans])arene.y of the cloud shows that no less than molecules 
should have ])e(*n present in a column with the bas(^ of 1 om‘*^ in the path of 
solar rays. .In order to obtain th(' actual amount, this inimber should be 
probably increascxl by one order. It is obvious from the ])hotometric cross- 
sections, introduced earlier, that the observcxl i)ait of the gaseous cloud hod 
a diameter of about 1^-5 km. Therefore, assuming the cross-section area of 
the cloud as 10^^ cm**^, we find ibr the tobil number of molecides the value of 
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the order of 10^'^. The gas density is of the order of 10^^ particloH per cm'^. 
At such a density the mean free path should be about 1 km, which ensures 
the dispersion of particles without collisions. The rates of gas discharge 
should not differ appreciably from thermal velocity, i.e. several hundreds 
of m/sec. Therefore, on termination of gas discharge, the cloud should scatter 
in several minutes ; and this was noted during the observations. It is evident 
that 10^7 molecules should be released during this time at a steady state of 
the cloud. In 1 hr, molecules yielding C 2 should have been released. We 
will probably obtain a correct estimate of the total amount of all inoleculcs if 


we increase this figure by one more order. Thus, during the ])rocess under 
observation, the Moon’s interior released about 1 million m® of gas, at terre- 
strial pressure. We must note that this quantity is small by com])arisou with 
cubic kilometres of gases escaping during violent eruptions of teiTostrial vol- 
canoes. This comparison shows a low intensity of the process, at which 
appreciable changes in the relief could hardly occur. 

The entire band of 4740 A showed the same shift in the direction toward 


the Sun. Therefore, in spite of an unusually great extension along the 
spectrum, the entire band must be of the same chemical nature, i.('. constitute 
^e band of C 2 molecule. Another peculiarity of our carbon s])ectrum consists 
in ,the fact that, according to measurements of Kalinyak, th(' band of 
5165 A is missing in the spectrum altogether. These })ccuiiaritioH ])rovc that 
conditions of excitation of C 2 molecule occurred under quite unusual circum- 
stances. To understand these conditions, it is important to boar in mind that 
the amount of photons, capable of exciting the luminescence of 4740 band, is 
very small (or the order of IQis photons per 1 cm^). On the other hand, the 
absorption coefficient in this band per one molecule equals 10 ev^cn 
less. Thus, the probability of molecule excitation per second e(pials 1/10. 
The velocities of C 2 molecules, obtained on photo-dissociation, should bo tho 
same as in cometary heads, i.e. on the order of 1 km/soc. Therefore, tho 
overwhelming majority of C 2 molecules should escape without giving rise 
to luminescence beyond the limits of the gaseous cloud utkUm* observation. 
Consequently, only one act of excitation could have been obs(U'ved for each 
molecule. This excitation occurred most probably at tho moment of ])hoto- 
dissociation of a complex primary molecule. At such an excitation, the 
population of levels in C 2 molecule could have been quite unusual. Apart 
from that, the energy levels of C 2 molecules in the state of nasconce could 
have been shifted by the field of molecular residue. By vu1:.uo of those 
considerations, the emission spectrum thus obtained should be similar to the 
spectrum of a cometary nucleus, rather than to that of a hetid. 

In 1959, 1 obtained twelve spectrograms of Alphonsus. All theses spectro- 
grams show the usual solar spectrum. However, on 23 Octolior 1959, one 
more spectrum of a particular state of Alphonsus was obtained under very 
good conditions from 2 hr 10 min to 2 hr 25 min (UT). Unfortunately, no 
peculiarities m the appearance of the crater were noted in guiding, and the 
e^osure was not repeated. The next night was cloudy; and on 25 October 
the crater was no longer accessible for observations. 

ito exposure, the Sun was setting for Alphonsus at a height 

19 . The onentation of the slit differed only by 4“ from that in the 1958 
observations, being more closely perpendicular to the axial crest of tho orator. 

TOKO w programme of stellar observations in 

1969, we had to take photographs with an additional prism installed at the 
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collimiitor immediately behind the slit. This prism halved the working part 
of the slit and turned the image with respect to the direction of dispersion. 
Owing to the redticed height of the slit, we obtained. on spectrograms only 
the wall of the crater illuminated by the Sun, and the floor almost exactly 
up to the shadow of the eastern wall. In the centre appeared the spectrum of 
the region near the central peak with its shadow. A special characteristic of 
the spectrum of this region is that the red part of the spectrum, behind the 
triplet of magnesium of 5184 A, is conspicuous. Particularly noticeable is 
a bright feature of small cross-section (1-2), which is invisible in the blue of 
specti*uin. This feature is located as a distance of 6" (i.e. 11 km from the 
shadow toward the Run) toward the east. The shadow in this part of the 
spectrum is very short ; it is j^receded from the side of the Sun only by a small 
increment in brightness of the central peak. It is interesting to compare 
directly the violet and red regions of this spectrum with that of 1968. The 
natTOW feature of the red region of the 1 959 spectrum is evidence of very good 
images during whicjh this spectrum has been obtained. At the same time, the 
region of the central ])eak with its shadow is wider in the violet part of 
spectinim than in the 1 96S sj)ectrum. Thus, the spectrum of 1969 is anomalous 
also in the short-wave region. 

The interpretation of this comx>lex spectrum must begin naturally with 
measurements of the brightness of the narrow red feature in relation to the 
brightness of the crater floor on the side of the Sun, where no appreciable 
anomalies are i)resent. The results of measurements are presented in the 
diagram (Fig. 4), where the ratios of red-feature brightness to crater-floor 
brightness are plotted on F-axis. Irregularities of contrast, obviously due to 
emission bands, ai)})oar towards the blue. These bands continue farther 
toward shorter wavok^ngths and occupy the whole area of the lunar surface 
from the red feature to the shadow. On the other hand, beginning with 



Fig. 4. IntoiiHity diHtribiiiioii in tho Hpootrum of tho rod glow obsorvod in Alpbonsua 
on 2^ Octobor 1050. Tho ui)por <jurvo givos the intensity distribution with respect to 
that at tho floor of the esrator ; and tho bottom curve gives tho same distribution in com- 
parison with that prevailing in the shadow. 





270 


N. A. KOZYBHV 


wave lengths of 6300-5400 A, a monotonic increase in contrast becomes 
apparent, which may be traced on onr photograph up to 6600 A. It is possible 
that a weak monotonic increase in contrast is due to thermal radiation. In 
this section, the brightness of solar spectrum decreases toward the red by 
20%, and is, in all probability, compensated fully by the increase in albedo 
of the lunar surface. Therefore, we may assume that the brightness of the 
comparison spectrum is identical for the entire region under consideration. 
Then, as indicated by the curve plotted on diagram, the monotonic trend of 
contrast corresponds fully to the radiation of black body at the temperattire 
of 1200° K. 

The explanation of the red feature by thermal rixdiation can be verified by 
calculation of temperature according to the absolute value of the radiant 
energy. Introducing x = I -iAjXT, we have 

6-^(( = 2*1 X 

The numerical coefficient in this equation constitutes the factor of dilution 
of solar radiation at the distance of the Moon; A jiq is the albedo of the floor 
of the crater at the elevation of the Sun, and K is the contrast of the detail 

in the selected wave length. We shall carry out the calculation for A = 6600 A 
and Tq = 6700°. According to the diagram of contrast, K = Finally, 
at = 19°, the albedo of the crater floor in the red should be taken as 
= 0-015. As a result of the calculations, we find that .t([ = 20-7 and, 
consequently, Tj = 1080° K. This value of temperature is in good agree- 
ment with the colour temperature of 1200° determined above. 

Li fact, the unsteadiness of images and the guiding errors sho^ild reduce 
the contrast of the details, which would cause a decrease in the (mergy 
temperature. Since the factor reducing the contrast range does not depend 
on the wavelength, the colour temperature is obtained coiTcctly. To obtain 
the energy temperature of 1200°, the contrast range should be reduced to 
1/8. Consequently, the true extension of the red featiirc'. was not eciual to 
2 Ian, but was on the order of 300 m. In all probability, the slit of the spectro- 
graph may have crossed a lava flow of this width. Tht>! lava of te^rrestrial 
volcanoes retains its plasticity up to 1000° K. On the other hand, at the 
outlet from volcano, the lava has a temperature of about 1400'' K. The 
value of 1200° K inferred above for the red feature on the Moon agre(*s so 
well with these data that the correctness of identification of this feature 
with a lava stream is strongly indicated. 

The calculations show that 1 km® of the Moon’s surface, belated iij) to 
1200° K, should radiate in infrared light (8000 A) as a fourth or fifth magni- 
tude G spectral type star. On 26 October, we took direct ])hotograi)hs of the 
Moon, showing crater Alphonsus, on infrared plates. Tlu^ c.oiulitionH were 
such that a record of an object of the above-indicated brightness should 
have been easily secured. The result of observations was negative. We must 
assume that the processes of the lava flow had ended already on 26 October. 

The short shadow in the red part of spectrum, and the small contrast range 
of the elevation producing this shadow, indicate that the slit did not pass 
through the central peak. The brightest object of the crater center was set 
on the middle part of the slit for guiding. Such an object in our case was a 
gaseous cloud emitting at wavelengths shorter than 6500 A. The probable 
position of the slit can be seen on the beautiful photograph by Alter. The 
slit passed most probably near the foot of the central peak from the south, 
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where olevationa of the axial creat of Alphonsus produced a noticeable 
(though shoi’t) shadow. Some 11 km from the edge of the shadow in the 
direction of the slit we located the position of the red feature near a small 
conical hill on the eastern ridge of a branch of the axial crest. It appears 
that the axial crest of Al])hoiisus is now in the formative stage, and that this 
hill is a volcano ])roducing lava flows. The liberation of emission-producing 
gases occuiTcd above the lava stream and above the entire valley formed by 
the lork of the axial crest. The emission bands are packed so closely that 
ini))ression of a continuous spectrum. Unfortunately, the spec- 
trum d()(‘s not show such distinct signs of emission as the C 2 band. This is 
connected, in all probability, with a different chemical composition of gases. 
In fact, the liberation of gases in this case may have been of a fumaroli type. 
On the Earth, however, fiimaroles have a different chemical composition 
from that of gases escaping from the craters of active volcanoes. 

The spc^ctrum of 195S appears to be more significant only because of the 
presen<K> of the 4740 A band. In reality, however, an appreciably more active 
volcanic process took ])lace on 23 October 1959 in the crater Alphonsus; this 
process w'as tantamount in its magnitude to great eruptions of terrestrial 
volcanoes. 

All these observations reveal that, even in our time, the Moon has an 
internal energy sufficient for mountain-forming processes. This result 
shows <lircctly that the history of formation of the Moon’s relief is a history 
of internal ])rocesses of the cosmic life of the Moon. The external actions 
constituted circumstances of secondary importance, and the role of meteorites 
was hardly greater than tlie role which they had played in creating the face 
of the Earth. 
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A MroRornoTOMKTUUJ aiuilyHiH of the apectmin of the emission flare in the 
region of the central peak of the crater Alphonus, obtained by N. A. Kozyrev 
and V. L E 740 rsky on 3 November 1958, leads to a conclusion that the escape 
of gas from th(‘ (le])tha of the Moon had a purely fluorescent character. By 
the (character of the intensity distribution, the ax)ectrum of the flare is similar 
to th(^ emission spectra observed in the heads of comets. Some maxima of the 
intensity of curve can be identified Muth the Swan molecular bands of C 2 . 
No continuous radiation of thermal character was observed. 

On 3 November 1958 Kozyrev with the help of Ezersky obtained a 
s])ectrogram of an emission flare, observed in the region of the central 
j)oak of th(^ crater Al])h<)nsus [1]. The observations were made at the 
Crimean Astro])hysical Observatoy on the 50-in. reflector with a prism 
spectrograjdi with disp(M*sion of 33A/mm at Hyy. In view of the unique 
scientilic value of the negative, supi)lomontal evaluation of it was entrusted 
to th(‘ authors of f.liis artic^le by the Central Astronomical Observatory of the 
Acad(‘my of ScieiuuNS of the U.S.S.R. and the Planetary Commission of the 
Astronomical Coumnl of tlu^ Acmlemy of Sciences of the U.S.S.R. 

Cknwhal Dksoiuption or’ the Spbotrctm 

On th<^ giuuu’u l bac*.kground of the spectrum (Fig. 1) obtained by Kozyrev 
and Kz(u*sky in observing th(^ lunar crater Alj)honsuH, we can note quite 
distiiKitly an iiic.r(Nis(» of brightiu^ss extending in the form of a strip, sharply 
limited 011 tlu^ red si<U^ at about A 4740 A, reaching its maximum at A 46G0 A, 
and fading to z(‘ro at A 4540 A. A second increase of brightness, considerably 
less ])r()noun(u*<l, (*.\Kil)its a v(M*y gently sloping maximum near A 4400 A. 
This s(^C!on(l incr('as(‘ in brightness of the continuous spectrum cannot be 
reliably mvw with th(‘ (‘y(‘, but is revealed quite distinctly by micro-densito- 
nu^tric uK'asurcMiumt. In tli.e <1 inaction ])eTj)endicular to that of ^hspersion 
(i.e. v(‘rti<^al) th(‘ dimension of the stri]) of the spectmm exliibiting increased 
bi‘ightn(‘ss is found f.o bt^ c)f tlie order of 0-22 mm. Translating this l^to 
angidar nu^asunummt and scal<^ on the surface of the Moon, the height of 
th(^ stri]) corr(‘s])onds to 2 s(^conds of arc or a linear distance of about 3 km. 

in the n’^gion of tb(^ st(^e]) decrease in brightness near A 4700 A details in 
the stnudurc^ of tb(^ s])C‘<?trnm are observed in the fonn of extended beads 
I)rotniding U])wa.rd Ixyond th(>i limits of the strij). A characteristic ])eculiaT- 
ity also is tlu^ non-coimudence of the direction of the stri]) of increased 
brightiu^HS wiih the clirtndion of the dis])ersion. This effect in a more revealing 
fonn is sliown as br(‘a.ks in stri]) at its red end. 
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Microphotometrio Analysis of the Spectrogram 

Tho inicroj)hotoinetric evaluation of the spectrogram was performed with, 
the aid of a MF-2 microphotometor converted into a self-recording instrument 
by the attachment of a s])ecial drive and photo-multiplier with a recording 
electronic ])otentiometer EPPV-51. In order to eliminate errors arising from 
the inconstancy of tlie speed of movement of the tape and inertia of the 
recording device, the shifting of tho negative was done in steps with stops 
at every 0*02 mm. The dimensions of the slit of the microphotometer on the 
negative corres])onded to a rectangular area of a height of 0*18 mni and width 
of 0*08 mm. Tliis size is equivalent, on the average, to a spectral interval of 
2*5 A l)oing singled out for measurement. 

As a result of tho micropliotometric measurements, the spectral distri- 
bution of tho brightness in the radiation of tho flare observed in the region 
of the central ])eak was determined. These data were obtained by sub- 
tracting the brightness of the comparison area from the total brightness of 
the spectrum of the central )^eak. The comparison area was chosen on the 
basis of the ocpiality of its density and that of the spectrum of the central 
I)eak in the sj)ectral interval from to 5050 A where the radiation of the 
flash was ])ructically unobservable. 

In Fig. 1 the ])laoc of tho illuminated slope of the crater on which the 
choice of a com})arison area was juade is indicated by arrows. 


Results of the Miorophotometric Analysis 
The curves of the int(^nsity of the radiation produced at the central peak 
itself are shown in Figs. 2, 3, 4 and 5, obtained as a result of several recordings 
at (liffertmt ])ositions as to height of the spectrum of the central peak on 
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the slit of the microphotometer. The brightness of the spectrum of the 
photometric comparison area at places free of absorption lines in accord- 
ance with Minnaert’s Atlas [3] was taken as the unit of light. Because of the 
coarse-grain emulsion (the spectrum was obtained on Kodak plates 103-A), 
the presence of defects, and also the need for making photometric measure- 
ments with a small section of the light spot, the dispersion of the points in 



FiGtniB 4. 



Figure 6. 


a number of places on the spectrum turned out to be quite considerable. 
As regards the reliability of the photometric data, the spectral region corre- 
sponding to the section of the curve on Fig. 3 proves to be the most valuable. 
In other spectral regions the results of measurements are affected by 
considerable errors, resulting from an insignificantly low or, on the 
contrary, too high density of the negative, plate defects and other unfavour- 
able factors. For evaluating the magnitude of the error in the measurements 
in Fig. 3, points are plotted which were obtained as a result of ])hotometric 
deduction for two arbitrary spectral regions outside the region of the central 
I)eak. 

The results of the spectrophotometric analysis as presented in Figs. 2, 
3 and 4 reveal a largo number of details in the spectrum of the flare of the 
central peak of the crater Alphonsus. A number of very reliable maxima 
of the spectral curve of intensity distribution correspond without doubt 
to the real structure of the spectrum of the flare, and can probably be ascribed 
to molecular omission. In Table 1 a list is given of the most reliable intensity 
maxima, their wavelength and intensity in units of the Moon’s brightness. 

One should note that at A 4695 A there is doubtless a maximum of in- 
tensity, the precise position and magnitude of which cannot bo determined 
on account of a defect on the negative at that particular place. 
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Table 1 


Numbered in A in. A Total intens'ity 
order 


1 

4737 

0*23 

2 

4730 

0-31 

3 

4714 

0-34 

4 

4703 


5 

4077 

0-36 

6 


0-40 

7 

4053 

0-35 

8 

4638 

0-29 

9 

4622 


10 


WSm 

11 

4694 



Conclusions 

From the character of the structure of the spectrum as revealed by 
microphotometric analysis we conclude that the effect of the flare of the 
central peak of the crater Alphonsus, recorded by Kozyrev and Ezersky^ 
was due to the fluorescence of a gaseous plasma ejected from the Moon’s 
interior. The absence of complete coincidence between the direction of the 
strip of the s])ootruin and the direction of the dispersion, which wo mentioned 
above, can be exi)laine(l by the nonhomogenity of the chemical composition 
of the gaseous medium within the volume occupied by it. 

In the general form of the intensity distribution of the flare spectrum 
its great similarity to the spectra of the heads of comets at a given stage of 
development of their nucleus proves to be very characteristic. In the 
general case the spectrum of the system of Swan bands is observed in a 
cometaiy head on the background of a relatively intense continuous spectrum 
of diffuse solar light, and j)robably non-quantum electron transitions in 
molecules. However, under ceitain conditions the continuous spectrum is 
greatly weakened and remains in the form of a constant component mainly 
in the area of the sequence A?; = H-l of the Swan band system. 

In the monograph by Bobrovnikoff [2], devoted to the study of Halley’s 
comet, a nuinbcT of microphotograras are presented which relate to spectra 
with successive weakening of the continuous radiation component. On the 
negative obtained on 2 Juno 1910 two maxima of intensity in the spectral 
interval from A 4200 A to A 4750 A are observed. The first, considerably 
morc^ intense, inci’ease in brightness begins on the shortwave side near 
A 4500 A. It roaches a maximum near A 4737 A with a following sharp drop 
in brightness towards the red. The second rise in intensity in the shorter- 
wave region of the spectrum is characterized ])y a very weakly expressed 
maximum near A 440() A. The intensity distribution of the flare spectrum 
discovered on the Moon, as was shown above, has the same character. On 
the basis of this similarity one can assume that according to the character 
of optical excitation and chemical composition, the flare on the Moon was 
very similar to oometary emission. 
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The character of the intensity distribution in the emission spectnim of the 
flare observed on the Moon, necessitates first of all an explanation of the 
nature of the phenomenon from the viewpoint of tho molecular structure 
of the spectrum observed. However, the question of identification of the 
spectra of the luminescence of gaseous media of celestial objects cannot be 
solved, as Swings [4] particularly emphasizes, by a simple comparison of 
the wavelengths of the observed intensity maxima with molecular bands 
obtained under laboratory conditions. 

The causes of the luminescence of gaseous media in space in a number 
of cases cannot be simulated in the laboratory, because of tho impossibility 
of reproducing all the physical-chemical conditions prevailing in sj)ace. 
This should explain the manifold deviations in the structure of the molecular 
bands and relative intensities which are revealed in comparisons with the 
customary laboratory spectra. Without enumerating such in'cgularitios 
in the structure of molecular spectra of celestial objects, and also the causes 
leading to such anomalies, we note that, in the analysis and identification 
of spectra of cosmic origin, one often has to be guided by indii'ect indications 
following from the general principles valid for phenomena of this kind. Such 
indirect indications can be insufficient for the analysis of spectra obtained 
in the laboratory, and may oven be completely lacking. 

Hiunerous spectroscopic data obtained as a result of tho observation of 
comets convince us that the intensive fluorescence of gases omitted by solid 
mineral bodies always shows the spectrum of the molecules of carbon and 
its compounds. Tho most characteristic in this case is tho ])reHenco of the 
intense electron system A^II^X^IIi^ of the Swan bands, with vibrational 
quantum number differences Av = —1, 0, +1. Tho most intense are tho 
two last sequences, with main bands A 5165*2 A for the seciuenoo Av; = 0 
and A 4737-1 A for the sequence Av = -hi. The sequences with liigher 
absolute values of Av are not very intense and can servo only as secondary 
indications in identification. 

In Kg. 3 the intensity distribution in the maximum of emission in the 
region A 4737 A, discovered on tho Moon, is very ])robably due mainly 
to tho sequence Av = -hi of the Swan band system. The argtiment in 
favour of this view is not only the general form of the intensity (listi-ibutiou 
with a sudden drop in intensity at A 4737 A to the presence of the red, as 
occurs in tho case of the spectra of comets, but also tho ])resence of two 
clearly expressed maxima at A 4714 A and A 4677 A, which can be compared 
with the corresponding bands of the sequence Av = -hi. In Tables 2 the 
wavelengths of the observed maxima and the heads of the corresponding 
bani of the sequence Av-hl are given. Special reference will be made 
further on with regard to the presence of the band (I — 0). 

Of the five maxima of sequence Av = +1, three have been detected. 
The absence of the maximum (3 — ^2) is probably due to a defect in the 
negative. As regards the maxima (4 — 3) and (5 — 4), they in general are 
difficult to resolve at the given dispersion and grain of tho 103 — ^A emulsion, 
and probably appear as one maximum at A 4677 A. Besides the resolution 
of microphotometric measurements was too low on account of the small 
height of the spectrum. 

In comparing Fig. 3 with the microphotometric recording of the spectrum 
of the comet of 1948 XI (Kg. 6) shown in Swing’s Atlas [5], one detects in 
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a number of cases a repetition of details in the structure of the intensity 
maxima. In particular, one notices in both cases the presence of a step 
in the red slope of the maximum at A 4715 A. The maximum of the bands 
(4 — 3) and (5 — 4) in ])oth cases proves to be very broad, but in the spectrum 
of the flare on the Moon the small decrease in intensity between these two 
molecular bands is absent. 


Table 2 


V V 

A in A for Observed 
•maximum 

A in A for 
head of hand 

Mecunired central Jntemity of 

inten-aity hand hi/ Swings 

1—0 

4737 

4737 1 

20 

2—1 

4714 

4715-2 

30 30 

3—2 


4697-6 

Band is missing on account 
of defect 

4 r -3 

4677 

4684-8 

33 15 

5—4 


46778-6 

15 



The relative intensities at the maxima in those cases can bo evaluated 
only approximately, because of the impossibility of a correct reduction 
for the influence of the extraneous maxima of intensity, unrelated to the 
Swan band system, and also the effect of the background of the continuous 
spectrum probably of molecular origin. Nevertheless, if one ado])ts for the 
level of the background the dotted curve (Fig. 3), and if one interprets the 
distance from the maximum to the level of the continuous si) 0 ctrum as the 
intensity of the band, the ratio of the intensity of the band (2 — 1 ) to the total 
intensity of the bands (4 — 3) and (6 — 4) is in good agi’ccment with Swings’s 
data. For the total intensity of the bands (4 — 3) and ( 6 — 4) we take its 
maximum at A 4677 A. 

In order to confirm the correctness of identification of the maxima of 
intensity with the Swan bands, it is necosstiry to establish the causes of the 
observed anomalies in the intensities of the bands of the flare spectrum. 
The absence of the basic band (0 — 0), the head of which is at A 5165-2 A, 
proves to be the most difficult to explain. The data of microphotometric 
analysis of the region of the magnesium triplet, shown in Fig. 7 show that, 
within the limits of observational errors, there are no signs of emission at 

A 6166 A. 
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Judging by the photometric data of the band (3 — 2), the equivalent 
width of which can be estimated to be of the order of 0*4 A of the brightness 
of the background of the Moon, one may assume that the photometric 
effect from the band (0 — 0) should not be less than in the first case, and also 
not less than the effect of the group of absorption bands (Fig. 7) at A 5193 A; 
the total equivalent width of which, according to Minnaert’s Atlas [3], is 
equal to about 0*5 A. An effect of such a magnitude could not be overlooked 
in the process of photometric measurements. Doubtless, the observed 
fluorescence over the central peak of the crater Alphonsus must be inter- 
preted as the result of the superposition of two oppositely directed processes. 
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Together with the process of emission occurring as a result of optical 
excitation under the action of the direct solar rays, we should expect an 
absorption of light reflected from the surface of the Moon in molecular 
bands. As will be shown below, the resulting effect can turn out to be 
positive or negative, and provide a satisfactory explanation of the anomalies 
in the observed distribution of the relative intensities in the s 2 )octrum of the 
molecular bands. 

In this way the problem is reduced, on one hand, to a comjnitation of the 
decrease in brightness of a beam reflected from the Moon by its passage 
through a layer of absorbing gas ; and, on the other, to a computation of the 
increase in the brightness of the same beam as a result of the ro-emission of 
light absorbed by the gas illuminated by the Sun both directly and in- 
directly (i.e. by the diffused light of the Moon). In the general case the 
problem can be solved with the aid of the equation of transfer; but for the 
sake of simplicity we shall employ a more elementary method. In order to 
simplify the computations, we shall assume that the layer of gas is com- 
pressed to a thickness of 1 cm, and all developments will refer to a beam of 
light of 1 cm2 cross-section. 

Since the optical depth of such a layer is small, the decrease in brightness 
of the rays reflected from the Moon, caused by the absorption of light in the 
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frequency with, the transition from the lower vibrational level to the 
higher vibrational level v', will be equal to 


whore denotes the brightness of the Moon and K(v/\') is the 

coefficient of volume absorption. The factor 2 enters because of the 
double passage of the rays through the absoiption layer. The value 
hi turn equal to the energy absorbed by two cubic centimeters 
of gas ])cr second witli an aperture of the rays of 1 steradian. Therefore, 
AnK(^{vv " can bo represented with the aid of Einstein’s coefficient of 
al)Hori)tion in the form : 

2 

^ 47r 


In the given case B/v determined as the probability of the transition 
“> v' of a moleculo in the field of isotropic radiation with the specific 
intensity of the rays equal to unity. N is the number of molecules in 1 cm^ 
of gas which are at the lower vibrational level v'\ 

The light flux (p(v/v) oiuittod by 1 om^ of gas in all directions, as a result 
of the rc-omissiou of radiation absorbed from direct sunhght as well as from 
the diffused light of the surface of the Moon, will be equal to 

QO 

( 3 ) 

00 


(fW 


'»') = I' 




47T 


47r 


Tlie Huminatioii is to be extended for all vibrational levels of the lower 
electron static X^IIu where J / is the Einstein coefficient of radiation ; and 
Uq demotes the solid angle at which the Sun is seen from the surface of the 
Moon. The Hoeoiid inoinber in parentheses corresponds to the re-emission 
excited by the diffusesd light of the Moon, This member may bo discarded 
on account of th(^ fact that at the moment of observation, the re^on of 
AI])honHus was near the lunar terminator; and the actual illumination by 
moonlight w'as liinitecl to a small area on the slope of the crater. 

As is easy to He<^ the transition from the light flux to the surface 

intensity AeK(r{Pv"v) <>f the emitting layer of gas, is obtained as the 
cpiotiont of the division of (p{vv\') l>y Thus, the increase in the intensity 
AeK(i(v/'v') of the beam of light coming to the observer will be equal to 


AeK — 


<p{vv"v') 

4br 


Xq(Vv''V')^Q 

(47r)2 


00 

2 NK'Bii'xf 

Jfc"=0 . , 

— ■ " ' ' ' ' • 


(4) 


For a more detailed consideration of the problem it is very interesting to 
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examine the relationship of AeZ([(v/i,') to Aw^([(v/v')» which can bepresented 
in the form: 

^eK(l(vv"v') Q,qKq(v^"v') *"=0 Nv" Bv''v' 

— , [o) 

If we assume the absence of degeneracy, the ratio of the coofiicients of 
absorption can he replaced by the ratio of the coefficients of emission, i,e. 

= . (o) 

Consequently, 

“ Nr- 
Z — 

AeK(i{vv"v') Q‘q Kq{vv"v') 


Anli^^(vv"v') Stt 


= S(v"v'). 


2 


The behaviour of the relationship becomes very simple if one 

assumes that AT'jk" satisfies Boltzmann’s ^stribution. In this case 

8(v"v') = 


exp[(?o(i;")/0-696T] . 2 exp[- Go(ifc")/0-695T]4„'fc.- 

(7ai. (8) 

*"“0 


where 


a 


exp[(?o(v")/0*696T] . 2 exp[- (?o(fc")/0*695T]^,,^*- 


00 * 


Gq{1c") being the term of the A;"th vibration level of the lower olcctron state 
reckoned from the zero vibrational energy level. 

By the character of the behaviour as a function of the absolute tempera- 
ture T , the bands ?/' = 0 sharply dijBfer from the bands with v" =1= 0. In the 
first case, with the change of temperature in the whole interval from 0® K to 
00 , the magnitude a changes from a few tenths to unity. To be more precise, 

< 1 when T 0 ®K, 

00 ' 

A;-0 


<T -> 1 when T 00 . 
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For v" 4= 0 the limits of the change are determined : 

c' oo: T -> 0 °K,| 

a ->1: T -> cxD. J 

Two sub -cases arise, depending on whether the exp.ession 


exp -1 

L I 0-696T ) J 
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( 9 ) 


remains positive in the whole range of temperature from 0° K to oo, or 
whether it changes sign from })lus to minus, with the increase in temperature, 
beginning at some value for it. Two cases should be distinguished : 


(a) , 

(b) 


cx)^a^l 0°K<T<oo> 

oo^o^l J°K<T<T* 

a T*<T<oo^ 


( 10 ) 


The presence of the sub-cases (a) and (h) basically depends on the rate of 
decrease of AvJc' as a function of k". 

Figure 8 shows all the considered modes of behaviour of the function o 



under discussion, which were computed on the basis of the relative transition 
probabilities given in Swing’s Atlas of the spectra of comets [6]. Case (a) 
occurs for bands of the sequence with At; = -1. Case (6) is observed 

K* 
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for the sequence with A?; = +1, while a indicates the minimum located in 
the region of 2000° K for the band (2 — 1). 

From this analysis it follows that the contrast of the molecular bands in 
emission depends on the absolute brightness of the Moon and ct, which, in 
turn, is a function of the temperature. 

By introducing into equation (11) the expression 


8(0''0') = - 2 —^ i<j = 1, 

Stt 


( 11 ) 


the two values a = 0*735 at T = 0° K and a = 1 at 2^ = oo, and we 
get two values for K(^(vqq), i.e. = l*82*10“®/jr^^ (vo'^o') ^wid 

■^(j {vq'q') = 2*37-10-®Z^(vo"'o')» respectively. 

Hence, it follows that the brightness of the Moon obtained from mutual 
compensation of the absorption and the emission in the band (0 — 0) proves 
to be in good agreement with the values directly measured. Therefore the 
explanation of the absence of the band (0 — 0) by mutual compensation of 
absorption and emission can be considered as very justified. 

The values for the brightness of the Moon as calculated from the con- 
dition of compensation were obtained in a very indirect way and, therefore, 
may serve basically as a criterion for the estimation of the method adopted 
by the authors for explaining the anomalies found in the Rj)ectruni C)f flare. 
Among the formations on the surface of the Moon, according to data presented 
in the book by N. N. Syiiinskaya [6], there are a considerable number of 
details the brightness of which equals, and even exceeds, the computed 
values. Nevertheless, one should keep in mind possil)le variations of the 
degrees of brightness of the Moon due to our incomplete knowledge of the 
relative transition probabilities, the deviations from jn'oeiso compensation, 
and also the incompleteness of the knowledge of the reflecting capacity of 
the micro-relief on the Moon. 

On the basis of the intensity distribution curve, Fig. 3, the presence 
of a maximum at the position of the band (1—0) cannot be established with 
complete confidence, on account of the considerable dispersion of ])oints. 
Therefore, it remains an open question as to which one of the two ])ands 
(0-0) or (1—0) fulfils best the condition of compensation between absorp- 
tion and re-emission. Under full compensation for the band (1—0) the 
brightness of the Moon for the extreme values of teini)erature 0° K and 
00 ° K of a gas will be equal to 5*10’“'^ K and 2-37-10”® Kq, rcs])cctivcly. 

The true value of surface brightness of the slope of the peak on which the 
emission flare was observed was, apparently, considerably above average 
for flat areas, because of its inclination to incident sunlight. The determina- 
tion of the true value of the brightness of the central peak by moans of a 
comparison with the floor of the crater cannot be reliable, since the turbu- 
lence in the terrestrial atmosphere can lower considerably the brightness of 
details having dimensions of not more than 1" or 2 " — and tho central 
peak of the crater Alphonsus belongs to this category. 

The uncertainty of the computed brightness of the central peak is in- 
creased by our incomplete knowledge of the values of the coefficients of the 
relative transition probabilities which enter into the expression for a. In 
Table 3 are given the values of or at T = 0° K for the band (0-0) and the 
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corresponding values for the brightness of the Moon, computed on the basis 
of theoretical and experimental data by dijfferent authors [7]. 

The data given in Table 3 indicate that a complete absence of the bands 
(0-0) and (1-0) or their partial weakening can be explained as a result of 
the mutual compensation of absorption and re-emission in the beam reflected 
from the surface of the Moon in the direction of the observer. Microphoto- 
inetric analysis of the band (l-l) cannot be made on account of the presence 
of a plate defect near it, which is marked by a break in the photometric curve 
in Kg. 4. 


Table 3 


Author 

ajor the hand 
(0—0) with T =0°K 

Brightness of the Moon in units 
of the brightness of the Sun 

King 

0*77 

l-82xl0-« 

Johnson and Tawtlo 

0-57 

1 •36x10-6 

Tawde and PateJ 

0-00 

1-43x10-6 

inilow 

0-75 

1*79x10-6 

Tawde and I*at(d 

0-72 

1-72x10-6 

MeKelloi* and Buscombo 

0-71 

1-71 X 10-6 


Average 

1-64x10-6 


The definite presence of emission in the region of sequence with Av = — 1 
can probably servo as an additional conjSrmation of the explanation stated 
above. A number of the maxima of intensity which are found in this area 
can bo identified with the molecular bands of the sequence Av = — 1. In 
the spectra of comets, this sequence usually turns out to be less intense in 
com))arison with the sequence At? = 1 and, therefore, one may expect its 

absence in an emission flare on the Moon. The indications of its presence on 
the s])octrogram of Kozyrev and Ezersky can be explained by the large 
value of <T for the bands of this sequence in a rather wide temperature interval 
from zero to a thousand degrees Kelvin. 

Tlui leading role played by the band (2-1) in the identification of the 
omission spectrum follows directly from the magnitude, form, and position 
of its maximum on the wave-length scale. In the light of theoretical con- 
siderations, this band determines the upx)or limit of the temperature which 
makes it possible to observe the bands of sequence At; = +1. On the basis 
of the gra])hH shown in Fig. 8, the limiting value of the temperature is about 
700 to 750"’ K. Any fui*ther increase of the temperature would necessarily 
bring about a gradual disa])poarance of the sequence with At; = +1, with 
the subsecpiont appearance of a relatively weak band of absorption (2-1) 
at a tem])eraturo near 2000° K. 

The considerations in favour that the temperature of the plasma of the 
emission flare on the Moon was relatively low seem in contradiction to the 
suggestion ex])rosscd earlier about a close similarity between the flare 
spectrum and those of the luminescence of cometary heads, since the molecule 
C 2 in the spectra of comets invariably reveals a high-temperature distribution 
within the limits from 1600° K to 3000° K, with the vibrational levels in the 
lower electron state. Due to the homonuclear structure of the molecule C 2 


286 


A. A. KAIiTNYAK, L. A. KAMIONKO 


and, consequently, the equality to zero of the permanent electrical moment 
in the lower electron state, the Mgh temperature distribution of the molecules 
of C 2 can be preserved in the atmosphere of a comet for an indefinitely long 
time because of the low pressure and, consequently, the absence of collision 
between molecules. 

However, the nature of the phenomena which result in the high- 
temperature distribution of the molecules of C 2 remains unsolved. Since 
the formation of gaseous plasma containing C 2 and other radicals of carbon 
apparently took place under the action of sunlight as a result of the decom- 
position of the parent molecule of a complex carbon compound, the distri- 
bution at the vibrational levels of the lower electron state can be occasioned 
by the process of photochemical reaction of decomposition, without inter- 
ference of the gas-kinetic properties of the plasma at high- vacuum conditions. 
In this case the distribution of the molecules at different energy levels cannot 
be connected in any way with the kinetic temperature of the surrounding 
medium, and the value of the temperature associated with it has only con- 
ventional significance. 

The general resemblance of the spectrum of the emission flare, observed 
in the region of the central peak of the crater Alphonsus with the spectra of 
comets, suggests that the physico-chemical processes observed in both cases 
may be closely related. On the other hand, the presence of peculiarities in 
the spectrum of the central peak can be satisfactorily explained only if the 
escaping lunar gas was at a considerably lower tempeT*ature. 

The considerable difference observed in the distribution at the vil)rational 
levels in the case of the comets and of the flare on the Moon can be ex])lained 
if we assume that the high-temperature distribution originated through 
a decomposition of the parent molecule by mutual collisions before the 
phenomena of absorption and fluorescence of the gas came into action. 

A very approximate computation, based on the oscillator strengths 
/ = for Swan bands, shows that the high-temperature distribution (which 
is characteristic of the cometary atmospheres) could not appear in the spectrum 
of the flare on the Moon at a pressure higher than 10“® to K)-** inm Hg. 
In this way, in spite of the very close postulated affinity of ])hyHico- chemical 
conditions and optical excitation for the gases emitted from the interior of 
the Moon, and the atmospheres of comets, we are not justified to ex])cot a 
full identification of the structure of the spectra in both cases, insofar as they 
depend on the temperature of the gas. 

In conclusion, one should note that over the whole area covered by tho 
negative obtained by Kozyrev with the assistance of Ezersky, no thermal 
emission was detected from a study of the continuous spectrum. On the 
basis of the microphotometric measurements reported in this article a 
general description of the spectrum of the emission flare is given, and con- 
siderations are presented in favour of the presence of several C 2 molecular 
emission bands of the Swan system. A more detailed analysis of tho micro- 
photometric data for detecting the possible presence of other molecules 
would constitute a separate problem. 

Conclusions 

The result of the microphotometric analysis of the spectrum obtained on 
the 3 November 1968 by Kozyrev and Ezersky when observing the central 
peak of the crater Alphonsus reveal with certainty that : 
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1 . The emission effect observed by them was produced by a fluorescent 
gas under the action of solar radiation. 

2. The emission was localized in two regions of the spectrum. The jBrst, 
a more intense region, reveals a maximum of intensity approximately at 
A 4690 A, and a very sharp drop in intensity towards the red. The second, 
a less intense area, is characterized by a broad and flat maximum at A 4400 A. 

3. A number of secondary maxima on the intensity distribution curve 
are found, agreeing well in position with the molecular bands of the Swan 
system. 

4. The absence of the resonance emission band (0-0) and the uncertain 
a]^peiirance of the band (1-0) can be explained by the presence of the bright 
backgi'ound of the surface of the Moon, and the relatively low value of the 
kinetic tc^mporature of the plasma in which the observed phenomenon 
occuiTed. 

5. Within the limits of eiTors of measurement, our microphotometrio 
data do not give evidence of thermal emission in the flare spectrum of the 
central ])eak of the Alphonsus crater. 

The authors of this article express their sincere thanks to Professor 
G. Hcrzl)erg of the National Eesearch Council of Canada for very valuable 
suggestions and literature directly bearing on this work. 

The modernization of the miorophotometer used by us, was done by a 
collaborator of the Central Astronomical Observatory, S. I. Bulanov.^ The 
aid wo received made it possible to obtain objective data of high precision, 
which revealed the magnitude of the observational errors and the degree of 
reliability of the results of the measurements. 
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STRATIGRAPHIC BASIS FOR A LUNAR TIME SCALEf 

BliaBNE M. SHOEMAKER, ROBERT J. HAOKMAljr 

US, Geological Survey, Menlo Park, California, 
and Washington, D,G,, U.S.A. 

Introduction 

The impending exi)loration of the Moon and geologic mapping of its surface 
raise the need for an objective lunar time scale. Photogeologic mapping 
already in progress has made this need immediate, and at the same time 
furnishes the stratigraphic foundation on which the broad framework of a 
lunar time scale may be based. This pax)or is a report of progress in meeting 
this need. Five major stratigraphic subdivisions will be described which 
have been adopted for use in detailed photogeologic mapping at a scale of 
1 ; 1000 000 . 

The geological law of superposition is as valid for the Moon as it is for 
the Earth, but at the present time the application of this law to the Moon 
is restricted to the study of the relation of surface featutes as they are seen 
through the telescope or as they may be photographed from the Earth or a 
space vehicle. The chronologic relationships of many of the visible features 
of the lunar surface, nevertheless, can bo unambiguously determined. 



Fio. 1. Index map of tho Moon allowing location of the Copernicus region. 

The lunar surface is locally built up of an intricate and complexly over- 
lapping set of layers of ejecta from craters, material underlying the crater 
walls and floors, and material that occupies the maria. The composition and 


t Prepared on behalf of the National Aeronautics and Space Administration. 
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thickness of these layers are not known, though reasonable estimates can in 
some cases be made of the thickness. These are specific problems for future 
exploration. The existence of the layers, however, can be recognized, and 
their stratigraphic succession provides the basis for a relative time scale for 
events in the history of the Moon. Determination of the absolute age of 
points or events in this time scale, again, is a problem for the future. 

A region around the crater Copernicus was selected for initial detailed 
investigation of the stratigraphy. This region is favorably located near the 
center of the lunar disk (Fig. 1) and is one where the relative succession of 
many stratigraphic units can be worked out. For this reason the Copernicus 
region has become a type area from which we are extending or tracing a 
number of major units by photogeologic mapping. 

Ejeota erom Coperniotjs 

Copernicus is a somewhat polygonal crater about 90 km across (Fig. 2), 
and about 3500 m deep, measured from rim crest to floor; the rim rises about 
1000 m above the surrounding lunar surface. The interior walls of the crater 
comprise a series of terraces, scarps, and irregular sloping surfaces that 
descend stepwise from the crest to the crater floor, a roughly circular area 
of generally low relief 50 km in diameter. A few low peaks rise above the 
floor near the center of the crater. 

The outer slopes of the rim are characterized by a distinctive topography. 
Rounded hills and ridges are combined in a hummocky array that consists of 
humps and swales near the crest of the rim and passes gradually outward 
into a system of elongate ridges and depressions with a vague subradial 
alignment. The relief of the ridges gradually diminishes until it is no longer 
discernible at a distance of about 80 km from the crest of the rim. Beyond 
this distance the rim passes gradationally into the ray system. 

The ray system, which extends out more than 500 km from Copernicus, 
consists mainly of aredike and loop-shaped streaks of relatively highly 
reflective material on. a generally dark part of the Moon’s surface. In certain 
photometric characteristics the rays are essentially an extension of the crater 
rim and cannot be /Sharply delimited from it. The major arcs and loops can 
be locally resolved into an echelon feather-shaped element, ranging from 
15 to 60 km in length, with the long axes of the element aligned approxi- 
mately radially with respect to the center of the crater. 

Within the rays, and preponderantly near the concave margins of the 
major arc and loops, numerous elongated depressions or gouge-like craters in 
the lunar surface may be seen that range in length from the limit of telescopic 
resolution to about 8 km (Fig. 3). Visible depressions or gouges lie at the 
proximal ends of many ray elements, though there is not a correspondence 
of one gouge for each distinguishable ray element. At very low angles of 
illumination the Moon’s surface along the rays can be seen to be roughened 
([1], p. 289, 291). The roughness is due, at least in part, to the presence of 
the gouge-like craters and very low rims around these craters. 

A full explanation of the ray pattern and associated gouge-like craters 
can be given in terms of the ballistics of material ejected from Copernicus 
[2]. In this explanation the gouges are formed mainly by impact of individual 
large fragments or clusters of large fragments ejected from Copernicus and 
the ray elements are splashes of crushed rock derived chiefly from the impact 
of these fragments. The ray system may thus be conceived as a discontinuous 
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Fi(i. 3. Aiuioi,a,t.od }>li()tc)gfHph of tho (Joj)ornicus region,. Pliotograph takan by F. G. 

Pea,RO a,b the lOO-in. Hooker tol(‘.seGi>o in .1920, Mount WilKoix ObKorvatory. 

modal distance, the freqtxency droj)s o.ff' very rapidly, evidently owing chiefly 
to the fact that toward the main crater the gouges in the prc-exissting lunar 
surface tend to be covered tip or smothered under an increasingly thick 
deposit of material making up the crater rim. The smothering effect begins 
about 80 km from the edge of the crater, aboi.it where the relief of the sub- 
radial ridges can first ho seen, and from this distance inward there is essenti- 
ally a continuous blanket of ejecta. The thickness of this lilankct ranges 
from a feather edge at its outer extremity, beyond which the pre-existing 
lunar surface is exposed between the rays, to a maximum that prohal)ly does 
not exceed about 1000 m, the height of the rim. 
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thin layer of ejecta derived partly from the main central crater and partly 
from the local gouges. 

The radial frequency distribution of gouges shows a sharp mode near 
160 km from the center of Copernicus. At greater distances the frequency 
drops off rapidly, and toward the outer extremity of the ray system the 
frequency drops gradually to zero. If we come closer to Copernicus from the 
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Ejecta bbom other Craters 

Scattered over the limar disk are many other craters the size of Coi)ornicus 
and smaller that have similar hummocky rims. In general, the ratio of the 
width of the hummocky terrain to the diameter of the crater decreases with 
decreasing size of the crater. Around some craters almost all the rim terrain 
is made up of a nearly random arrangement of hummocks typical of the rim 
crest at Copernicus; around others the rim is marked by a strong radial or 
subradial pattern of low ridges typical of the peripheral zone of the rim of 
Copernicus. Visible gouges surround the rims of all such craters approaching 
Copernicus in size. The interior walls of these craters are almost invariably 
terraced, the floors are irregular, and nearly all have a central peak or peaks. 

Many craters with this group of characteristics are the foci of prominent 
ray patterns, but many others, such as Eratosthenes (Fig. 2) lack rays 
entirely. Where they are not overlapped by Copernican rays, the rim and 
floor of Eratosthenes have relatively low reflectivity or albedo. Wherever 
a rayless crater like Eratosthenes or a crater with very faint rays occurs in an 
area with bright rays from some other crater, the bright ray pattern is in 
all cases superimposed on the darker crater or on the faint ray pattern. 
From this sequence and from the fact that both craters with rays and raylcss 
craters are widely distributed over the surface of the Moon, we infer that 
some process or combination of processes is at work on the lunar surface 
that causes fading of the rays and other parts of the Moon’s surface with 
high reflectivity. 

It can be shown that the exterior ballistics for a lunar crater, the velocities 
and angles at which fragments are ejected, are independent of the size of the 
crater and the volume of material thrown out [2]. A fragment ejected at a 
given velocity and angle of elevation will go just as far from a small crater 
as it will from a large crater. A small volume of material ejected from a 
small crater, therefore, tends to be as widely distributed as a large volume 
of material from a large crater. But since the smaller volume is distributed 
over a comparable area, the lateral and vertical dimensions of the continuous 
layer of ejecta must obey different scaling laws than the dimensions of the 
crater. 

The ratio of maximum, thickness of the ejecta layer on the rim to the 
diameter of the crater and the ratio of the extent of the continuous ejecta 
layer surrounding the crater to the diameter of the crater should decrease 
with decreasing size of the crater. There may be a lower limiting size of 
craters on the Moon around which only scattered fragments and no con- 
tinuous layer of ejecta will be found. These scaling relations are partly 
confirmed by the rim heights and the extent of the rim material of the 
smaller lunar craters. The width of the visible hummocky terrain diminishes 
rapidly with decreasing crater diameter so that craters of 16 km diameter 
and smaller are encompassed only by narrow belts of continuous rim deposits 
generally less than 6 km wide. An example of such a crater is Hortensius 
(Fig. 2). Major rim deposits are associated only with the larger craters. 

Stratigraphy op the Copernicus Region 

In the Copernicus region the surface of the Moon is underlain mainly by 
an overlapping series of deposits surrounding major craters. The materials 
have been grouped into five stratigraphic subdivisions; from oldest to 
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youngest these are (1) pre-Im)jrian material, (2) the Imbrian system, (3) the 
Procellarian system, (4) the Eratosthenian system, and (5) the Copernican 
system. Those stratigraphic subdivisions correspond to five intervals of time 
which we will call periods. A brief description of the stratigraphic relations 
and surface characteristics of each system is given in the following pages. 
A more detailed description of each system and its photometric properties 
will accompany reports on specific regions that are currently being mapped 
by the U.S. Geological Survey. 

PRB-IMBRIAN MATERIAL 

No material of pre-Imbriaii age can definitely be shown to be exposed in 
the Copernicus region, but pre-Imbrian rocks may crop out on ridges and 
hills in the Carpathian Mountains and on scattered ridges and hills eastf, 
west, and south of Copernicus in areas indicated on the map (Fig. 2). The 
overlying Imbrian system, if present on these ridges, appears to be very thin. 
The Imbrian system can be inferred with high confidence to overlie a surface 
of complex relief that includes ridges, valleys, and craters. Rocks which 
underlie the Imbrian probably have diverse origins and a complex history. 
Because craters are a conspicuous component of the pre-Imbrian terrain, it 
is likely that the pre-Imbrian includes many crater rim deposits like those 
associated with craters of younger age. The overlying Imbrian system thins 
rapidly south of the Copernicus region, and pre-Imbrian material is probably 
widely exposed in the southern hemisphere of the Moon. Detailed mapping 
in the southern regions may show that the pre-Imbrian can be divided into 
many separate mappablc stratigraphic units. 

IMBRIAN SYSTEM 

The Imbrian system is the oldest widely exposed stratigraphic unit in the 
Copernicus region. It is continuously exposed from the Carpathian Moun- 
tains southward to a group of hills or low mountains north of Hortensius 
and in a brotid area south of Copernicus between the longitudes of Reinhold 
and Gambart. The topography developed on the Imbrian is unique. It is 
a gently rolling surface studded in most places with close-spaced low hills 
and intervening depressions generally ranging from 1 to 4 km across. Isolated 
larger hills and elongate ridges occur, but these may, in the main, merely 
reflect buried pre-Imbrian topograi^hy. The numerous small-scale topo- 
graphic features impart a shagreen appearance to the Imbrian as it is seen 
through the telescope or on photographs with high resolution at certain 
angles of illumination. 

Most of the Imbrian has an albedo intermediate between the extremes of 
the range of lunar albedo, but locally, north of Gambart (shown as II ed on 
the map, Fig. 2) and in isolated exposures in Sinus Aestuum and to the west, 
the Imbrian has a very low albedo. Those areas of low albedo are some of the 
darkest places on the Moon. 

The surface on which the Imbrian rests in the Copernicus region appears 
to include prominent linear ridges and intervening valleys in the Carpathian 
Mountains and the area south-east of the Carpathian Mountains and includes 
a few recognizable pro-Imbrian craters such as Stjidius that are nearly filled 

t In this report oast and west will bo used according to tistronomicol convention as 
shown in Rig. 1. 
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with. Imbrian and younger strata. In most of the area between Rcinhold and 
Gambart and north of Gambart the pre-Imbrian is apparently so deeply 
buried that this buried surface has little influence on the topogi*aphy devei- 
oped on the Imbrian, except possibly at a few isolated hills. Gambart, a 
crater north-west of Reinhold (Reinhold B), and a crater north of Copernicus 
(Gay-Lussac) are partly filled with Imbrian, but it is not clear whether these 
craters are pre-Imbrian in age or should be assigned to the Imbrian period. 
Unlike most craters partly filled with Imbrian material the rims of these 
three craters are not broken or displaced by linear trenches, which are part 
of a system of linear features referred to by Gilbert d'^], p. 275-279) as 
Imbrian sculpture, features which characterize part of the j)ro-Tinbrian 
terrain. The Imbrian may be a few thousand meters thick where it fills or 
partly fills some of the pre-Imbrian craters and the valleys in the Carpathian 
Mountains, but it is evidently thin and perhaps locally absent where it covers 
or laps against the crests of old crater rims and certain high ridgess, as 
indicated by relative sharpness of form of these features. 

The Imbrian is extensively exposed in a very largo region around the 
southern margin of Mare Imbrium and is probably related in origin to the 
great topographic basin which the mare occupies. Essentially the materiak 
of the Imbrian system form an immense sheet partly surrounding Mare 
Imbrium. Gilbert ([3], p. 274-277), Dietz ([4], p. 373), Baldwin ([5], p. 210- 
212), Urey ([6], p. 221), and Kuiper ([7], p. 1104; [1], p. 290-295) have 
interpreted, each in a somewhat different way, part of the material which 
we recognize as the Imbrian system as ejecta from some ifiaco in the region 
occupied by Mare Imbrium. On the basis of its distribution and surfac^e 
characteristics we concur with the interpretation of this material as ejecta, 
but the recognition of the Imbrian system is indei)cndent from the problem 
of its mode of origin and source. It has been named Imbrian for the extensive 
exposures that partially surround Mare Imbrium. 


PROOBLIiAEIAN SYSTEM 

The Procellarian system in the Copernicus region forms thc^ relatively 
smooth dark floors of the Oceanus Procellarum, Marc Imbrium, and Kinus 
Aestuum and rests stratigraphically on the Imbrian system. It is the 
naaterial which partly fills the topographic depressions of the Oceanus 
Procellarum and the maria. The name is taken from the Oceanus Proc.c^llaruni 
which is by far the largest area of exposure of the Procellarian on the Moon. 
The albedo of the Procellarian is everywhere relatively low, but is by no 
means umform. Determination of the photometric characteristics of the 
Procellarian in the Copernicus region is complicated by the presence of the 
superimposed Copernican rays. In areas between the rays the albedo of 
Procellarian^ is lowest east of Landsberg and just north of Fiortensius and 
highest in Sinus Aestuum. At no place is the albedo of the Procellarian as 
low as that of the dark Imbrian material north of 6aml>art, but in general 
the Procellarian has a lower albedo than most of the Imbrian system and 
most of the other stratigraphic units on the Moon. 

Relmf on the Procellarian is exceptionally low compared to most other 
parts of the lunar surface, but the surface of the Procellarian is not feature- 
less. Charactenstic topographic forms intrinsic to the Procellarian include 
ridges, some of them probably more than 100 m high, and low conical and 
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dome-shaped hills up to 100 to 200 m high and 5 to 10 km across. Rarely do 
the slopes on any of these features exceed about 5°. 

Individual ridges are typically 15 to 30 km long and they occur both 
singly and in complex on echelon systems, such as one extending into Sinus 
Aostuuin that is nearly 2(K) km long. The ridges have commonly been inter- 
preted as folds by ])revious investigators and are shown symbolically as 
anticlines on the maj), but the structure of the ridges may be more complex 
or even entirely different than ordinary anticlines. By telescopic examination 
Kuipor ([1], p. 302) has found protmsions and fissure-like depressions on 
their crests. 

Many of the low hills, which are referred to in the lunar literature as 
** domes ”, have small craters in their summits; within the limits of tele- 
scopic resolution some of those features resemble small terrestrial basaltic 
shield volcanoes and arc so interpreted in the cross-sections accompanying 
the ma]). The surfaces of many of the “ domes ”, however, unlike most shield 
volcanoes, arc distinctly convex. The margins of the “ domes ” are topo- 
gra])liically distinct and can be roiuiily mapped, but it is not certain whether 
they are formed of material that is superimposed on the other Procellarian 
material or whether the domes are merely structural features in the Pro- 
cellarian. Most of the dome material appears to be photometrically indis- 
tinguishable from the rest of the Procellarian. 

[n the Copernicus region the Procellarian rests nearly everywhere on the 
Imbrian system, and the surface of contact has considerable relief. Many 
isolated exposures of Imbrian occur on hills where the Imbrian rises above 
the level of the Procellarian in the midst of areas generally covered by the 
Procellarian. Elsewhere the Procellarian extends along comparatively narrow 
chaimelways or corridors into areas of general Imbrian exposure. Local 
com])Iet(^ly isolated (^x^josurcs of the Procellarian occur within craters such 
as (Jatubart. The thickness of the Procellarian, as judged from the extent 
and distribution of ])artly buried pro-Procellarian features, is probably no- 
where greater than a few thousand meters in the Oopornious region. In 
other regions of the Moon it may bo thicker (compare with Marshall [8]). 

In the i)Jist the Pro(?ellarian material has very generally been interpreted 
to be vohjanic, but recently the hypothesis has been advanced (Gold [9]; 
Oilvanw flO]) that the material referred to hero as the Procellarian system 
is coniposc'd imtirely of dust or fragmental debris derived by nonvolcanic 
pro(‘.csscs. Kxc.c^])t for the volcano-shaped domes, only a few features of form 
and scale characteristic of terrestrial lava fields have been found on the 
Procellarian. An irregular extension of the Procellarian hotwoen Gambart 
and Reinhold resembles a largo lava flow, and a low scarp near the terminus 
may a w^eondary flow front, possibly indicative of more than one surge 
of fluid. The exa<it nature of the scarp is not known however. It is a low 
rise on the surface of the Procellarian and could be a flow front, a monocline, 
or related in some way to the ridges that occur elsewhere on the Procellarian. 
Whatever the origin of the Procellarian system, it can bo shown that the 
Procellarian is definitely older than a largo number of strata that are supor- 
imposed upon it. 

ERATOSTJIRNIAN SYSTEIVT, 

The Eratosthenian system comprises the rim deposits surrounding Era- 
tosthenes, Boinhold, Landsberg, and a number of smaller craters and the 
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material that occupies the floors of these craters. Eratosthcnian deposits 
rest on the Imbrian and Procellarian systems and locally may rest on pre- 
Imbrian material. Individual deposits sun'ounding each of the throe largest 
Eratosthenian craters rest on both the Imbrian and the Procellarian. The 
most extensive of these deposits is associated with the crater Eratosthenes, 
from which the name for the system is taken. A pattern of numerous gouges 
in the Procellarian in both Mare Imhrium and Sinus Aestuum on either side 
of Eratosthenes (Fig. 3) shows conclusively that ejecta from this crater are 
superimposed on the Procellarian, 

Erastosjhenian deposits are characterised and can be distinguished 
photometrically from nearly all stratigraphically higher deposits of the 
Copemican system by their low to medium albedo. Where it is not over- 
lapped by Copernican rays, the rim of Eratosthenes has a lower albedo than 
the Procellarian system in the adjacent parts of Mare Imbriuin and Minus 
Aestuum. The albedo of the rim deposit of Reinhold is about the same as 
that of the immediately adjacent part of the Procellarian system and dis- 
tinctly lower than the albedo of the nearby Imbrian system, on which most 
of the Reinhold ejecta rest. Eratosthenian deposits amund LandslxM'g have 
nearly the same albedo as nearby Imbrian exposures, which is distinctly 
higher than the albedo of the adjacent Procellarian. 

The topography of the Eratosthenian deposits varies with the size of the 
individual craters with which they are associated. Upper slopes of the rim 
of Eratosthenes are irregularly hummocky, but low subradial ridges are 
present near the outer extremity of the ejecta blanket. The rim deposits of 
Reinhold andLandsberg are entirely hummocky. Rims of the smaller Era- 
tosthenian craters are narrow and smooth at the scale observable through 
the telescope. The thicknesses of the rim deposits range from a feather edge 
to maxima that probably do not exceed the height of the crater rims al)ove 
the surrounding terrain, about 600 m in the case of Eratosthenes, the largest 
Eratosthenian crater in the region. 

The floors of the larger Eratosthenian craters haves small-scale topo- 
graphic features and photometric characteristics similar in sonu^ res])ects to 
the rim deposits. The floors have been outlined and designated sonunvhat 
arbitrarily as breccia on the map to differentiate the material that underlies 
the crater floors from the ejecta of the rims, which presumably have been 
thrown out. In the cross section, which is necessarily speculative, the breccia 
is interpreted as a deep lens under the crater by analogy with large terrestrial 
impact craters (Shoemaker [2]). 

The deposits around the various craters in the Copernicus I’cgion that 
have been grouped in the Eratosthenian system probably have a wide range 
in age, but all can be shown to be post-Imbrian and most of the deposits 
rest partly or entirely on the Procellarian and thus are post-Proccllarian. 
Nearly all of the Eratosthenian deposits are partly overlapped by Coper- 
nican rays and are therefore pre-Copemican. 

OOPERNIOAN SYSTEM 

The Copemican system, the stratigraphically highest system in the 
Copernicus region, includes several mappable units. The most extensive 
units of the Copemican system are the rays and rim deposits of the crater 
Copernicus and the rays of several smaller craters, notably Hortonsius and 
a bright ray crater east of Gambart. Other units in the Copemican system 
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have been, termed breccia, talus, and dark ejecta. As in the iEratosthenian 
craters, the material that occupies the more or less level floors of the larger 
Copcrnican craters has been mapped separately and somewhat arbitrarily 
as ])T*c‘ccia. The term talus has been applied to all material of high albedo on 
smooth steep slopes. Among the stratigraphically highest units in the region 
are the dark rim dei)osits of certain small craters that are superposed on the 
ejecta blanket and rays of Copernicus. Because of their stratigraphic position 
those dark deposits liavc been included in the Copemican system although 
they contrast photometrically with the other Copernican units. Various 
units of the Copernican system lest on all the other stratigraphic systems in 
the Copernicus region. 

The albedo of all units of the Copernican system, except for the small 
dark rim deposits, ranges from medium to high and is higher than the 
albedo of any of the other stratigraphic system. The wall of the ray crater 
east of (ilanil)ai‘t» (Gambart A) is one of the brightest places on the surface of 
the Mo(ui, but in some places the Cox)ornican units have only slightly higher 
albedo thjin adjacent systems. The ejecta blanket around Copernicus is 
mottled with streaks and patches of lower albedo than the average for the 
blanket, which is considerably lower than the albedo of the rim deposit of 
Gambart A. 

The rays ])resent a j)oculiar ])roblom in cartography because they have 
no well-defined Ixnindarics. Their diffuse margins are probably areas where 
fragments of (k>])ernicau ojocta are scattered individually over the lunar 
surface and much pn^-Copornican material is exposed. The measurable 
albedo at any pla<x% on the rays woiild therefore contain the integrated effect 
of Ooj)ornic?an ejecta and whatever pre-Copcrnican material is present at the 
surfat*.e. 'iriie rays have no determinable thickness and their topography is 
thus the j)ro-(,V)])erni(ian topography modified locally by the presence of 
gouges. For these reasons a stipple pattern overprinted on the pre-Copemican 
units was chosen to re])n^seut the ray material on the present map. 

Units inap])cd as talus in the Copernicus region occur only on slopes 
exeewling 20'’, Most s\ich h1oi)oh occur on the walls of the smaller craters, 
and nc^arly all sIopc^s this steep have a high albedo, regardless of the age of 
the (Tat<T or tlu’i albcxlo of the ejecta surrounding the crater. This correlation 
between allx^lo and slope suggests that fresh material of a high albedo is 
being continuously or intermittently exposed by mass movement on the 
slox)eiH; hence., it has been termed talus. Similar material probably occurs 
along st(^op s(iar])s cjharacterizod by higher than average albedo that separate 
ten*ae<is on the walls of Copernicus, but for the sake of clarity of the map 
hav(^ not l)oen shown. The bases of the scarps arc indicated by symbols for 
faults. 

The (k)pornican dark rim dei)OHits, which form small diffuse haloes around 
craters ranging from 1 to 5 km across, have been tentatively intorproted by 
us as dark colored volcanic ash [11, 2 |. They are unusual features which are 
peculiar to the Copernicus region and a few other widely separated localities 
on the Moon. One sn\all crater is present in the southern hemisphere of the 
Moon (Bnch B) around which there are both bright and dark rays. Only for 
those few deposits and some exceptional dark streaks and haloes in Coper- 
nican ejecta blankets does the albedo fail as a criterion for the recognition of 
Copernican material . 

The individual deposits assigned to the Copemican system probably range 
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widely in age but all are superimposed on i)rc-Coi)ernican strata or on the 
ejecta from Copernicus itself. Rays from Coj)ernicuH arc suj)eriinposod at 
one place or another on all exposures of prc-Coporuican units in the Coper- 
nicus region except for a few small isolated areas of outcrop of pre-Imbrian, 
Imbrian, and Eratosthenian material. The rays and rim deposits of two 
small bright ray craters and from several dark halo craters arc*, in turn, 
superimposed on the ejecta blanket of Copernicus. The stratigraphic relations 
between the rays of Cox)ernicuH and bright rays of certain otlu^r Co])ernican 
craters such as Hortensius and Gam hart A have not yet Ix^en demonstrated 
conclusively, but the very bright rays of Oambert A apj)ear to be superim- 
posed on the somewhat darker rays of Copernicus. 

BILLS AND CHAIN-CBATBR MATERIAL 

Rills, which arc long narrow trenches in the lunar surfae(^, and craters 
aligned in a chain or a row that passes laterally into a rill, ocuuir in Sinus 
Aestuum and Mare Imbrium. These features are d(^velo])ed on the IVocel- 
larian and are overlapped by Copornican rays and locsally by the ejecta 
blanket. Their ago is not definitely established, as they c-ould bes either Into 
Procellarian or Eratosthenian or possibly early (Jo])erni(‘.an. The chain 
craters have distinct raised rims but the extent of any ejtusta that may have 
been derived from them has not been determined. ^Phe material on the floors 
of these craters and in the rills is shown on the map as a unit se})arate from 
the surrounding Procellarian material, but the areas of exposun^ are so small 
that it is difficult to discriminate the material i)hoU>metrically from the 
Procellarian. 


The Lunar Time Soalb 

Reconnaissance studies indicate that the stratigraphic systems rcscognized 
in the Copernicus region can bo correlated and ma])i)ed over most of the 
visible hemisphere of the Moon, and the systems have! beem traced by 
photogeologic mapping from the Copernicus region into the (contiguous 
regions. A lunar time scale correspemding to the stratigraphic systems 
described and extending from the beginning of lunar history to the })resont 
is therefore proposed as follows: 

Present time 

Copornican i)oriod 
Eratosthenian ])erio(l 
Procellarian i)eri()d 
Imbrian i>eri<)d 
pre-Imbrian time 
Beginning of lunar history. 

The periods are defined as consecutive. 

The beginning of the Imbrian period is defined as thc! moment of deposi- 
tion of the stratigraphically lowest material in the Imbrian system. This 
material lies at the base of the great Imbrian sheet extending south of Mare 
Imbrium. All of lunar history prior to this moment makes xip pn^-Imbrian 
time, an historical interval that may be divisible into formal periods in 
future investigations. 

The end of the Imbrian period and beginning of the Procellarian period 
is the moment of deposition of the stratigrai)hically lowest material of the 
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Procollarian system. Considerable evidence indicates that the Imbrian 
period ocenpies a significant interval of absolute time in lunar history. The 
rim deposit around the crater Archimedes (Fig. 1), for example, overlies the 
Imbrian sheet and is in turn overlain by the Procellarian. Numerous other 
craters outside the Copernicus region were formed during the Imbrian period, 
and the ejecta from them are part of the Imbrian system. 

The end of the Procellarian i)eriod and beginning of the Eratosthenian 
period is defined as the moment when deposition or emplacement of the 
stratigraphically highest material in the Procellarian system ended. Statisti- 
cal studies of the distribution of Eratosthenian and Copemican craters on 
the Procellarian [12] suggest that the top of the Procellarian system is about 
the same age wherever the Procellarian occurs on the Moon. The absolute 
time interval occu])ied i)y the Procellarian period is probably relatively 
short. 

Tlie end of the Eratosthenian period is operationally defined as the 
monuMit of deposition of the faintest rays that can be discriminated photo- 
metrically by their higher albedo. Implicit in this definition is the working 
hypothesis that the albedo of all rays has decreased with the passage of time, 
that the rate of decrease is a monotonic function of time and similar for all 
bright rays, and that the photometric properties of the rays approach those 
of the material on which they are deposited so that the rays ultimately 
disai)poar. A corollary of this working hypothesis is that many or most 
Eratosthenian craters, such as Eratosthenes, were once the foci of rays that 
have diHai>j)eared. All Eratosthenian craters, are by definition, devoid of 
rays. The local relative stratigraphic sequence of all Eratosthenian and 
Copornican craters so far mapped or studied is consistent with this working 
hypothesis. 

The Copemican period is taken as extending to the present. Studies of 
crater frecpiency distribution, which will be reported elsewhere, suggest that 
the Eratosthenian and Co])crnican periods, taken together, correspond to 
the greater ])art. of geological time and that the Copornican period represents 
somewhat less than half of this total interval. If this is so, the earlier periods 
are coiui)arativeIy C()mi)ressed intervals in absolute time, but ones of con- 
siderabh^ activity in the develo])mcut of the lunar surface features. 

The deposition of most individual deposits of ejecta probably occurs in 
extremely small fractions of the total span of lunar history, and the precise 
position of th(^ type Eratosthenian deposits of the Copomious region and the 
type (k>])ernican deposits within the Eratosthenian and Copemican periods, 
as defined, is not known. Th(^ number of small bright ray craters superim- 
posed on th(^ ejecta blanket of Copcniicxis suggests it was fonned in the later 
third of th(!i (lo[)cu*nican ])criod. Fxirther studios are expected to show that 
it is possible to subdivide the Copornican x)eriod and correlate Copemican 
ejecta according to the albedo of the rays, 

Thc^ causes of the fading of the rays are not known, but two processes 
acting on the lunar surface may bo expected to contribute to the lowering 
of their albedo : ( I ) solar ultraviolet irradiation and cosmic ray bombardment, 
and (2) micrometeorito bombardment. High energy radiation is known to 
lower the albedo of some silicate and other rock-forming materials, and the 
processes of bombardment by micrometcorites and small meteorites serve 
to mix the bright ejecta forming the rays with underlying and adjacent 
materials of the lunar surface. 
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PHOTOGEOLOGIC STUDY OF THE MOONf 

ARNOLD C. MASONt, ROBERT J. HACKMAN 

IJ.S. Geological Survey, Washhigton, D.G., U,S.A, 

A CENKRALizED photogoologic study of the surface of the Moon was prepared 
for th(>! Office of the Chief of Engineers by the United States Geological 
Survey, as a part of a joint in'ogram with ij^my Map Service, which mean- 
while was making a lunar topographic map. A “Generalized Photogeologic 
Map of the Moon and “ Physical Divisions of the Moon ’* were compiled 
using a photomosaic in orthographic projection at an approximate scale of 
1 : 3 800 000 as a l)ase, prior to the completion of the lunar topographic map. 
Modified forms of these two maps are presented here, in which details have 
been simi.)lificd appropriate to the smaller scale. 

The study i)rcsentH the intcq)retations selected as probable or most likely 
among those possible. In many cases other interpretations have been 
advanced. In general, statements that appear to be arbitrary are so worded 
only for brevity, to avoid repetitious qualifications. 

In photogeology, as normally applied to areas on the Barth, a pair of 
photogra][)hs having for viewing purposes an effective angular difference 
averaging about 30” are studied stereoscopically to obtain geologic informa- 
tion. The photogeologist is able to observe features in their relative hori- 
zontal and vortical positions. Structures and other geologic relationships 
are commonly detected which may not be apparent to an observer close to 
them on th(^ ground. Details such as fine lines or textural differences, not 
readily soon on single photographs, commonly are discernible in the stereo- 
sco])i (5 model. Whore not concealed, rock units may in some areas be identi- 
fied and mai)ped. Photogoologic interpretations normally are developed 
from at least some prior knowledge obtained from examination in the field, 
and results arc usually field checked to whatever extent is appropriate. 

Th(‘. study of the Moon was made by applying photogeologic principles 
to the st^idy of selected libration x>airs of lunar photography. Lacking field 
data, inter])retations depended ux)on analogies to Earth features, allowing 
for known diiTerenccs existing on the Moon. The Moon’s libration permits 
selected ])hot(^grax)hs taken from the Earth to appear as though taken from 
two stations typically about 50 000 miles apart, equivalent to an angular 
differencjc of ai)proximately 1 2". Although less than ordinarily used for photo- 
gramnietric ])ui‘j>osoh, this difference provides acceptable stereoscopic vision. 

Eor satisfactory sterooscox)io viewing, lunar photographs selected should 
have sufiicdent angular difference in libration, have the same scale, include a 
common area, and have imago shadows falling in the same direction. Rarely, 
opposing shadows enable interpretation of additional details. Use of a number 
of pairs of j)hotograj)hH of the same area under different solar lighting con- 
ditions is desirable to bring out different details. 

t Piil)H(iaiiorx authorized by the Director, IJ.S. Geological Survey. 

% Tho (MlitorH rc^gn^t to aniiouiWie that, while this volume was in the press, Dr. Mason 
died on Slst Oetohor 19(U. 
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Photographic pairs can be positioned approximately by trial and error, 
but a systematic method of orientation is preferable. In one method the 
geometric center of the lunar disk for each of a particular pair of photographs 
is located by geometric construction or by use of a circular template. For 
each photograph the image point representing the geometric center on one 
is located on the other, where it is termed the conjugate center. The lino 
connecting the geometric centers and conjugate centers on each photograph 
is alined with the “ x-direction (parallel to a line connecting the eyepieces) 
of the stereoscope, and the pair placed under the stereoscope witlx proper 
separation for viewing. The right and left members of the stereoscopic pair 
must be under the appropriate eyepiece, otherwise image reversal results. 

In a quick method, particularly useful to view one photograph with several 
others having different librations, only the geometric center on each photo- 
graph is located. One photograph is flipped up and down over another until 
image points coincide approximately. The alinement of geometric centers 
is placed parallel to the “ x-direction,’* and the photographs are separated 
for viewing under the stereoscope. Libration co-ordinates can also bo plotted 
for positioning to view stereoscopically. 

For detailed study, the photographs, obtained from several observatories, 
were enlarged to a lunar diameter of about 32 in. As this size is too large to 
be handled under a conventional stereoscope, the photographs wore cut into 
about a dozen hexagons. In a libration pair, the corresponding hexagons 
were cut to cover identical area.s. 

Eecegnition and interpretation of geologic features in the stereoscopic 
model are based on such elements as size, shape, tone, texture, pattern, and 
relationship to associated features. Many features on the Moon are probably 
comparable to those on Earth, allowing for differences in the environment. 
As on the Earth, yoimger material generally is superposed on older material. 
Younger features are “ sharper ** in appearance than older, which may be 
partially eroded, destroyed, or buried. 

The “ Greneralized Photogeologic Map of the Moon** (Fig. 1) shows the 
stratigraphy and structure of the surface in generalized form. The surface 
materials were assigned to one of three relative ages: (1) Pre-Maria rocks, 
(2) Maria rocks, and (3) Post-Maria rocks. Additional subdivision is i)Ossible 
with more detailed study of smaller areas. 

The oldest are the Re-Maria rocks composing the crator-pocllcd lunar 
highlands, probably consisting of fragmental and comminuted accrctionary 
material with some breccia, layers of ejecta, and volcanic rocks. Impinging 
upon and interfingering into the highlands are the Maria rocks, probably 
great lava flows of thick sheets of basalt occupying the lunar lowlands, some 
of which appear to be basins resulting from very large impacts. The youngest 
are the Post-Maria rocks which compose little-eroded fresh-appearing 
features scattered over both the highlands and the lowlands; those rocks 
probably consist of fragmental and comminuted material from impacts, in- 
cluding layers of imsorted ejecta, breccia, surficial ray material, and some 
volcanic material, the Eiimker Hills in particular being inteiprctcd as 
extrusive accumulations. The age relationships are based upon overlap of 
the series of deposits of ejecta and probable lava flows, and the relative 
freshness in the appearance of the physical features. 

The Pre-Maria rocks compose features which generally have been exposed 
to considerable erosive processes as a result of their greater age. Many 
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craters are partly eroded, overlapped, or buried, and are cut by fractures 
extending from impacts forming yoimger craters. The Pre-Maria rocks 
appear in places to bo overlain by material ejected from some of the maria. 
Also in some areas they may be mantled with ejecta from Post-Maria im- 
pacts ; the thickness of this mantle depends upon the local relief, and the 
number, size, and proximity of the later impacts. Some Pre-Maria craters 
appear to have formed after the creation of the basin of Mare Imbrium but 
before tlie deposition of Maria rocks, as they arc structurally unaffected 
despite their proximity to the l)asin, yet their flanks are overlapped and their 
bottoms are ])artly filled by maria material ; Archimedes is an example. 

The Maria rocks appear to be occupying basins, and in places to have 
overflowed low rims. These probable flows appear to have occurred approxi- 
mately contemporaneously, as their contacts have little contrast, and Post- 
Maria cratei’s on their surfaces have similar frequency distribution. 

Post-Maria craters appear to be more numerous on the highlands than 
on the lowlands of the maria. This difference probably results from the 
inclusion of some craters formed after the creation by impact of the basin 
of Mare Imbrium and before the maria flows, as such craters are difficult to 
distinguish from strictly Post-Maria craters. The Post-Maria chain craters 
appear to l)e volcanic craters. Only the more prominent have been mapped. 
The domes are x)robal)ly basaltic shield volcanoes. The chain craters and 
domes corres])oud in scale to volcanic features on the Barth. 

The major stnictural features on the Moon relate to the principal impact 
basins — Mare Imbrimn, Mare Serenitatis, Mare Neotaris, Mare Crisium, and 
Mare Htnnorum. fl^heso tend to have elevated rims comprising ring moun- 
tains that (consist of radial wedgo-shapod fault blocks formed by dilation at 
time of impact. These blocks tend to be cut by diagonal shear faults, and by 
circumfc^rc^ntial faxilts. Beyond the elevated rims ring synclines are developed 
to some extent. The stnictural trough occupied by the west part of Mare 
Frigoris is tlu^ north sector of a ring syncline that partly encircles Mare 
Inibriuin, 

Stnic.tural features on the surface of the maria are less pronounced. In 
some areas the material at the surface forms low ridges which are suggestive 
of antichnal folds, many of which are on echelon. Monoclines are numerous, 
particulai'ly near i)()rders. Borne of those suggest downwarping of the mater- 
ial oecu])ying the maria basins. 

Crater stnujturos occui")y greater part of the Moon’s suiface. The 
various ty])es have been described above. 

The study lends support to the suggestion that most visible craters on the 
Moon ar(^ tlic result of meteoric impact, although some craters and other 
fcaturc^s ari^ intor])rctod as volcanic in origin, and are so distinguished where 
possible on the photogeologic map. Volcanic craters arc formed either by 
accumulation of ejecta aroxind the orifice, or by removal of material around 
tho vent as by gas coring or by explosion (a maar). Largo volcanic craters 
on tho Earth,' however, are ociual in size only to small visible lunar craters. 
Largo basin-shapod volcanic depressions ixro formed chiefly by subsidence 
(a caldera). (Balderas are much larger, although none approaches in size the 
largest lunar orators. Largo calderas on Earth tend to be irregular in shape, 
because subsidence tends to bo toward a number of collapse areas. As even 
largo lunar craters tend to bo circular, it is unlikely they are lunar calderas, 
and hence, that volcanism has produced other than small lunar craters. 
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With minor exceptions, volcanoes, even those having subsidence craters, 
usually show an increase of material around vents. The material around 
most lunar craters, however, would approximately fill the crater, which 
would be true for meteoric impacts; the volume of a meteor is negligible 
with respect to size of the crater created by impact. In volcanoes, a central 
peak may be either higher or lower than the crater rim, depending upon the 
extent of the later eruption that produced the central peak. On the Moon, 
central peaks are lower than the rim. Hence, they likely do not have a 
volcanic origin, but have probably formed mostly by infall and rebound 
after the explosion. Volcanoes develop over a period of time; lunar craters 
seem to have the one-shot characteristics of a meteoric impact. On the Earth, 
volcanoes occur along belts of structural wealcness ; the craters of the Moon 
occur at random, as would be expected of meteoric impact. The radial frac- 
tures, ring synchnes, and other structures associated with the maria lend 
support to their origin as resulting from impacts of asteroid size. 

The “ Physiographic Division of the Moon ’’ (Fig. 2) was com])iIed to 
enable description of areas rather than individual features. Areas having 
similar characteristics were bounded and distinguished from areas having 
dissimilar characteristics, and the visible surface was divided into major 
divisions, divisions, provinces, and sections, to which eighty-one terms were 
applied. These names are derived from those of outstanding features in the 
region, or are descriptive terms. The location and characteristics of each 
follows : 


Physiooraphio Divisions 

LUNAR HIOHLANDS 

Nearly two-thirds visible surface of Moon, almost completely covered 
with 30 000 distinguishable and perhaps a million or more other craters, 
many overlapping and impinging on others; and with small craters suiter- 
imposed on large craters ; diameters from 146 miles (Clavius, 7R, so(^ grid on 
maps) to below limit of visibility, about ^ mile; depths vary I’oughly with 
diameters and range from 20 000 ft.' (Newton, IT) to probably a few ftwt; 
also ejecta-covered, rugged, ring mountains encircling some maria. Koiigh 
surface almost entirely in slopes, except many crater bottoms fairly level in 
whole or part. 

IMBRnTM-SHRBNITATIS MOUNTAINS 

Two large ring mountain systems nearly encircling Mare Imbrium and 
Mare Serenitatis. Mountain blocks fractured in radial pattern ; (uit off on 
maria side by faults nearly encircling the maria. Rough surfaci’ss of ejecta 
throvm from maria partly or wholly concealing eroded and fractun^d older 
surface, but not Post-Maria craters including several promimmt oiuis. Many 
steep slopes, especially near maria rims where slopes are very steep toward 
maria, less steep away from maria. 

Carpathian Province 

South-west part of ring mountains encircling Mare Imbrium. Radial- 
wedge-faulted mountains and hills. Generally rough surfaces of ejecta from 
Mare Imbrium partly concealing eroded and fractured older surface ; smoother 
surfaces on prominent Post-Maria craters of Copernicus and Kepler. 
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Cat'2>athians. Adjacent to Mare Imbrium, in the S.W. part of ring 
mountains nearly encircling the mare. Radial-wedge-faulted mountains 
Avith S.S.W .-trending ridges; promontories, interrupted by embayments of 
the inaro, grade westward to isolated hills rising from floor of mare. Mostly 
rough surfaces of ejecta partly concealing eroded and fractured older surface. 

Lower Carpathian Section. Remote from Mare Imbrium in the S.W. part 
of ring mountains encircling the mare. Radial-wedge-faulted hills trending 
S.S.W., grading to isolated knobs surrounded probably by lava flows; two 
pi’oin incut Post-Maria craters. Moderately rough surfaces on hills and knobs ; 
fairly smooth surfaces surrounding knobs. 

A p 2 )emne,H Province 

vSouth part of ring mountains nearly encircling Mare Imbrium, and part 
of W. border of ring mountains nearly encircling Mare Serenitatis. Mostly 
nigg(^d, radial-wedge-faulted mountains, with rugged Crestline near Mare 
Imbrium rim ; and lower shelf mountains within the rim. Generally rough 
surfacc^H of ejecta from Mare Imbrium almost concealing eroded and fractured 
older surface; smoother surfaces in lower shelf mountains, and on prominent 
Post-Maria craters of Eratosthenes (8J), Autolycus (9G), and Aristillus (9G). 

Apennines. Extend 640 miles along S.E. rim of Mare Imbrium and 
100 miles along W. side of Mare Serenitatis. Extremely rugged, radial-wedge- 
faulted mountains with S.E. -trending ridges, in most places terminated 
abruptly to N.W. by fault around Mare Imbrium rim; peaks above mare 
rim 1 2 000 to 1 8 000 ft. high, tallest in Imbrium-Serenitatis Mountains ; eleva- 
ti(ms decrease to S.E. Generally very rough surfaces of ejecta from Mare 
Iml>rium almost conceal eroded and fractured older surfaces. 

Lower Section. Shelf mountains N.W. of Apennines and much 

lower. Consist of a partly foundered block broken into a higher S.E. mountain 
group and a lower N.W. mountain group with a low saddle between; cut in 
two by a!i embaymont of Mare Imbrium trending S.E.; mountains radially 
fatilted trending S.E. and block faulted N.E.-S.W. Generally rough surfaces 
of oj(%<jta from Mare Imbrium, but smoother in saddle. Slopes steepest in S.E. 

Jhmnus Province 

Sotith-west and S. of Mare Serenitatis, W. of Mare Tranquilitatis, 
He])arated from Central Crater Province to S. by saddle; jading W. to higher 
A])])(mnines without sharp boundaiy. Rim mountains bordering Mare 
Serenitatis have faint S.W. -trending radial faults on which S.E. -trending 
radial faults from Mare Imbrium are superimposed; center of province 
partly inviukxl by lava floods. Rugged to moderately rugged ridges and 
isolated valleys trend S.E. and decrease in elevation to S.; ejecta from 
Man^ Imbriuiii largely to partly conceal eroded and fractured older surfaces, 
in (eluding some craters. Slopes steepest toward Mare Serenitatis and Apen- 
nines. 

ITaemus Mountains. South-west and S. rim of Mare Serenitatis, and E. 
of ApcnTiinos. Rugged mountains trending S.E. have dominant radial 
wedge faults ; ])artly separated by similarly alined isolated valleys ; highest 
elevation 8000 ft. Rough surface of blocky ejecta from Mare Imbrium, 
largely conceals eroded and fractured older surfaces, including some craters. 
Slopes steepest towards Mare Serenitatis and Apennines. 

Lower Haemus Section. West of Mare Tranquilitatis, N. of Central 
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Crater Province, and E. of Mare Vaporum. Moderately rugged mountains 
trend S.E. with dominant radial wedge faults; partly separated by similarly 
alined valleys. Eairly rough surface of blocky ejecta from Mare Inibrium, 
partly concealing eroded and fractured older surfaces, including some 
craters. 

Taurus Mountains 

Situated between Mare Serenitatis to the W. and Crisium-Fecunditatis 
Highlands to the E. Mostly moderately rugged, eroded and fractured, older 
cratered surface partly covered by ejecta; more like a plateau than moun- 
tains; large blocks displaced by faulting alined chiefly about N.W.-S.E., 
some N.E.-S.W.; some S.E.-trending valleys between craters; elevations 
decrease toward saddle in S. at boundary with Crisium-Fecunditatis High- 
lands; several dozen fresh Post-Maria impact craters, mostly small. Most 
craters of moderate height ; fairly rough surface from discontinuous layer of 
blocky ejecta. Slopes decrease toward E. and S.E. 

Caucasus Province 

East part of ring mountains nearly encircling Mare Imbrium, and N.W. 
part of ring mountains nearly encircling Mare Serenitatis. Very rugged, 
radial- wedge-faulted mountains between the two maria; grades N.E. and E. 
to rugged mountains, then to low tongues irregularly jutting into Lunar 
Lowlands ; two large craters. Generally rough surfaces of ejecta from Mare 
Imbrium almost conceal eroded fractured older sutfaco in S.W*, partly 
conceal eroded and fractured older surface in S.E., moderately rough 
surfaces on prominent Post-Maria craters of Aristoteles (HE) and Eudoxus 
(IIF). 

Caucasus Mountains, Extend S. as tongue between Marc Imbrium to 
W., and Mare Serenitatis to E. Extremely rugged, radial-wcdge-faultod 
mountains with E. -trending ridges terminated abruptly at rims of both 
maria; peaks along Crestline above maria almost as high in Apennines; 
elevations decrease at N. and where block has foundciud and margins are 
partly engulfed by lava flows. Generally very rough Btiifacos of ejecta from 
Mare Imbrium partly conceal eroded and fractured older surface. 

Lower Caucasus Section, North rim of Mare Serenitatis. Rugged, radial- 
wedge-faulted mountains, cross-faulted into hummocky blocks and short 
valleys; grading W. into higher Caucasus Mountains, and N.E. andE. into 
prongs of low hills and isolated knobs irregularly jutting into Lowlands where 
foundered bloeks are partly engulfed by lava flows; two largo craters. 
Generally rough surfaces of ejecta from Mare Lnbrium overlying ojocta 
from Mare Serenitatis, together partly concealing eroded and fractured older 
surfaces; moderately rough surfaces on prominent l^ost-Maria craters of 
Aristoteles (HE) and Eudoxus (HP). 

Alps Province 

North-east part of ring mountains nearly encircling Mare Inibrium. 
Very rugged, radial-wedge-faulted mountains, highest in middle near mare. 
Generally very rough surfaces of ejecta from Mare Imbrium concealing 
eroded and fractured older surface. Slopes steepest facing mare and on sides 
of Alpine Valley (9E). 

Alps, Highest part of ring mountains on N.E. side of Mare Imbrium. 
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Very rugged, radial- wodge-faulted mountains; highest near mare. Mostly 
rough surfaces of ejecta from Mare Imbrium, concealing eroded and fractured 
older surface. 

Lower Alps. Ci*cscoiit of lower mountains N.E . of and partially encircling^ 
adjacent Alps. Rugged, radial-wedge-faulted mountains l)roken into blocks 
by cross faulting, forming some short isolated valleys. Generally rough 
surfaces of ejecta from Maro Imbrium, nearly concealing eroded and frac- 
tured older surface. 

Jura Mountains 

North-west part of ring mountains nearly encii'cling Mare Imbrium 
and between this mare and Mare Erigoris. Generally moderately rugged, 
radial-wedgo-faulted mountains, cross-faulted into blocks with intervening 
isolated valleys ; most mgged in concave arc rimming embayment of Sinus 
Iridum; elevations decrease toward S.W., N. and E. Several medium and 
many small I?ost-Maria craters. Rough to moderately rough surfaces 
with ejecta from Mare Imbrium partly concealing eroded and fractured older 
surface, including some craters. 

CENTRAL AND SOUTHERN HIGHLANDS 

Almost one-third visible surface of Moon, in center and S. Densely 
pocked with contiguous, overlapping, and superimposed impact craters; 
ranging in diameter from 146 miles (Clavius, 7R) (Bailly, IR, may be 183 
miles in diameter, Imt on limb and visible only during favorable libration) 
to below limit of visibility, about I mile; in rim height from 10 600 ft. to a 
few feet; in depth from 20 000 ft (Newton IT) to a few feet; includes some 
mountains on limb (highest, Leibnitz Mountains, 18S, 29 000 ft. high). 
Rough surfaces almost ovoiy where of fragmental material from impacts; 
some crater bottoms smooth. Most surfaces in slopes; some crater bottoms 
nearly level. 

Central Crater Promnee 

Largo area extending S. from center of visible face of Moon. Densely 
pocked with imiiact craters, ranging in diameter from about 50 miles to limit 
of visibility ; many traces of nearly destroyed cratern ; in N.W. many fractures 
radial from Mare Imbrium, fonning some isolated valleys. Rough surfaces 
almost everywhere, including most crater bottoms. Most surfaces in slopes; 
level bottoms in a few craters. 

Macro-Orater Province 

Extends S. from near center of visible face of Moon, W. of Central Crater 
Province. Densely pocked with impact cratei’s, many large, and including 
the largest on Moon; in N. some craters fractured from impact fonning 
Mare Imbrium. Rough surfaces almost everywhere, except for some 
crater bottoms. Most surfaces in sioi)os; some crater bottoms nearly level. 

Cratered Plain Province 

South-east of Central Crater Province and N.E. of S. pole. Mostly 
covered with medium to small, mostly eroded craters; many noncontiguous, 
rising above plainlike surface. Crater surface moderately rough; plain only 
slightly rough. 
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Janssen Grater Province 

Extends from S. pole along E. limb more than halfway to equator. 
Densely pocked with impact craters, many mostly eroded. Rough surfaces 
fblmost everywhere, including most crater bottoms. Most surfaces in slopes; 
sides of Rheita Valley (15P) steep. 

Nectaris Crater Province 

Nearly half encircling Mare Nectaris from W. to S.E. Moderately to 
lightly pocked by craters. Tilted block dipping toward mare; near mare 
elevation changes not abrupt; boundary with mare irregular. A few large, 
well-preserved Post-Maria craters. Surfaces moderately rough. 

Pyrenees Province 

Between Mare Nectaris and Mare Tranquilitatis to W. and Mare Eecundi- 
tatis to E. Medium-sized craters, mostly eroded and fractured, paitly 
covered by ejecta from Mare Nectaris. Surfaces generally roxigh. 

Pyrenees, South part of province, between Marc Nectaris and Mare 
Fecimditatis. Plateaulike upland, about 0000 ft. high, of mediuin -sized 
craters, mostly eroded, partly covered by ejecta from Marc Nectaris; many 
S.E.-trending fractures; some N.E. Surfaces generally rough. 

Lower Pyrenees Section. North part of province forming })oninsula be- 
tween Mare Tranquilitatis and Mare Pecunditatis. Mostly medium to small 
craters, forming low plateau; S.E.-N.W. and N.E.-S.W.-trending fractures. 
Surfaces moderately rough. 

Aestuum Upland 

Nearly isolated upland largely suirounded by Sinus Aestuum, Mare 
Vaporum, Sinus Medii, and Oceanus Procellarum. Linear hills of impact 
material from Mare Imbrium, and fractured craters partly covered by im])act 
material. Surfaces mostly very rough; moderately rough in vS. 

Schroter Hills. North-west half of Aestuum Upland. Numerous elon- 
gated hills and depressions trending S.S.E. ; formed by blocks faulted radially 
from Mare Imbrium impact, covered by ejecta from Mare Imbrium; some 
blocks foundered and partly engulfed by lava; Pre-Maria sxirfa<‘.e largely 
destroyed and buried by ejecta. Relief several thousand fw^t, (le(U’eas('is to 
low relief to W. Surfaces very rough. 

Pallas Section, South-east half of Aestuum Upland. Faultt^d and partly 
destroyed craters, and some linear hills and valleys radially wt^lge-faulted 
and fractured S.S.E. from Mare Imbrium impact; some N.-S. fra<‘.tur(^s also; 
some blocks foundered and overlapped by Maria lavas; oldei* surface mantlecl 
by Mare Imbrium ejecta in N. ; mantle thins to S.E. Stirfa(*«es v(^i*y rough in 
N.; moderately rough in S.E. 

Procellarum Upland 

Upland in S.E. part of, and almost completely stirroundcd by, Oceanus 
Procellarum. Elongated hills and valleys in N. formed by structural dis- 
turbance and ejecta from Mare Imbrium, grading S. to shattered craters 
partly buried by this ejecta; marginal blocks partly foundered and engxilfod 
by lava flows; some Post-Maria craters. Surfaces generally rough. 

Pa/rry Section. South and N.W. part of province. Mostly eroded craters 
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with walls fractured, broken, or partly missing; partially covered by ejecta 
from Mare Imbrium and Copernicus, especially in N. ; structiiral blocks in 
N.-S. alinement radial from Mare Ixnbrium; some blocks foundered and 
engulfed at margins by lavas of Oceanus Procell arum ; older craters generally 
flat bottomed, and some paitially filled with lava; some Post-Maria craters. 
Surfaces generally rough. 

Qamhart Hilh, Noith-east part of province. Generally similar to 
Schroter Hills; mostly elongated hills composed of ejecta thrown from Mare 
Imbrium and Copernicus, separated by depressions several miles wide; both 
trending radial to Mare Imbrium impact ; some faulted blocks foun- 
dered and ])ai*tly engulfed by lavas of Oceanus Proccllanim ; some Post- 
Maria cratcirs. Suifaces rough. 


Shickard Crater Province 

West of Macro-Crater Province, S. of Marc Nubium and Maro Hum- 
orum, and extcmdiiig to S.W. limb. Densely pocked with older, eroded 
craters; radial -wtdgc-faulted high mountains partly encircling Mare 
Humoiiim cut at i*ight angles by faults concentric to the mare; scattered 
small to medium-sized Post-Maria craters; some isolated maro areas in 
low ])laces. Suifaces generally rough. 

Rook Momitnins 

On S.W. limb midway between equator and S. polo. Lofty mountains, 
nature unknown because of position on limb. Surfaces probably rough. 

Doerfel Mowdaiuft 

On S.W. limb midway between Rook Mountains and vS. polo. Lofty 
mountains, nature unknown because of position on limb; jmssibly the 
profile of a ring nniuntain. Suifaces jirobably rough. 

Leihv itz M o a ntaina 

On S.E. limb near S. ])ole. Lofty mountains rising 29 000 ft.; among 
highest on Moon; nature unknown becjause of position on limb. Surfaces 
probably rough. 

CRISIITM - K E< )U N I) ITATIS 1 IKi HUAN l)S 

Extcsnsive area on E. limb. Densely ])ocked with eroded and fractured 
impact craters, including scweral large ones. Several maria partly interrupt 
central ])art, the ]arg(\st being Marc Crisium. Suirounding Maro Crisium 
arc radial faulted mountains which slope away from maro; shelf mountains 
and ])romont()ries extend into mare. Boundaricts with othc^.r maria chiefly 
formed by embaynumts and are irr(^gula^. Sonu^ .l\)st-Maria craters. Surfaces 
generally rough. 

NORTHEHN HKUILANDS 

On N. limb, N. of Mare Prigoris. Dtmsoly pock(d with eroded and 
fractured impact craters, many with somewhat level bottoms; numerous 
Pro-Maria and a number of large Post-Maria craters. Several strong fracture 
patterns, in order of prominence extending N.E.-S.W., N.W.-S.E., N.-S. 
Surfaces generally rough. 
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CORDILLERAS HIGHLANDS 

Along W. limb, W. of Oceanus Procellarum. Densely pocked with eroded 
and much altered old craters. Boundary with Oceanus Procellarum sinuous 
and poorly defined, with many re-entrants. Some Post-Maria craters. 
Mountains of uncertain nature along limbs. Surfaces rough to moderately 
rough. 

Hercynian Mountains 

Along W.N.W. limb, too close to limb to indicate boundary. Nature 
uncertain because of position; possibly the E. -facing wall of a very large 
crater, and not of sufficient significance to be a province. Surfaces probably 
rough. 

Alembert Mountains 

Along W.S.W. limb, too close to limb to indicate boundary. Nature 
uncertain because of position. Surfaces probably rough. 

Cordilleras 

On W.S.W. limb, S. of D’Alembert Mountains. Nature uncertain because 
of position. Surfaces probably rough. 

LUNAR LOWLANDS 

Lowland areas widely distributed on Moon’s visible surface, but more in 
N. than S., the larger areas termed mare. Plains i)robably of lava which has 
both occupied large impact areas and flooded adjacent lowlands. The ])relava 
surface forms many islandlike highlands; some of foundered blocks. .Plains 
have low, sinuous lava ridges and moderate differences in elevation from one 
part to another. Some low domes and hills of extruded lava. Most lava 
probably cooled after flowing into position, so lava surface probably smooth, 
but slaggy rough surface possible; probably has many sinall pits and craters 
from Post-Maria impacts. Niunerous scattered larger craters also formed 
by Post-Maria impacts. Slopes gentle in plains ; steep on cratei*s and included 
highlands. 

MID-LUNAR LOWLANDS 

Group of coimected lowland areas occupying about one-third Moon’s 
visible surface, principally in N.W. quadrant, but extending R. and S.E. 
into the other quadrants. Other characteristics the same as Lunar Ijowlands. 

Mare Imbrium 

Approximately circular lowland in N.W. quadrant, about 700 miles 
diameter and 340 000 sq. miles area. A fairly level itinor circle, about 300 
miles diameter, including a circle of intermittent ridges 200 to 4(K) ft. high 
near perimeter, and isolated highland blocks, as Straight Itangc (7E), 
Teneriffe Mountains (8E), Pico (8P), Spitzbergen Mountains (OG), and others 
on perimeter. Inner circle considered lava-filled crater of greatest impact on 
the Moon s surface. Outer circle, between perimeter of inner circle and rim 
of M^e Imbrium, a crescent-shaped slump area, only partly lava-floodod. 
Op enings in mare rim and in nearly encircling ring mountains principally 
W. to Oceanus Procellaxum and E. through 25-mile wide break to Mare 
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Serenitatis. Surface generally smooth except for many small pits and 
craters, and some larger Post-Maria impact craters ; rough in isolated high- 
land blocks. Slopes generally low. The impact elevated and radially frac- 
tured and faulted ring mountains, and threw ejecta great distances. At 
right angles to the radial fractures, relai^sc created concentric fractures and 
depressions as Sinus AestTiuin, Mare Vaporum, and W. part of Mare Prigoris 
Lava flooded these depressions and floors of many craters, some of which 
fonned subsequent to Mare Imbrium impact. Sinus Iridum (6F) probably 
flooded remnant of nearly concurrent ex])losion. 

Mare SereniUUis 

East of Mare Imbrium and nearly encircled by Imbrium -Serenitatis 
Mountains; 400 miles N.W.-S.E., 340 miles N.E.-S.W. Probably oldest of 
mountain-bordered maria; created by second largest impact on Moon’s 
surface. Lava-flooded lowland with mimerous low ridges, parallel, en 
echelon, or randomly arrangtxl. Surface generally smooth except for many 
small pits and craters, and some larger craters from Post-Maria impacts. 
Slopes generally low. Stmcture of ring mountains around rim and encircling 
depressions, and their mantle of unsoi-tcd ejecta, similar to Mare Imbrium, 
but on a smaller scale. 

Lacus Smnuiorum 

North-cast of Mare Seronitatis ; boundaries with highlands very in*egular. 
Lowland covered by lava flows from Mare Serenitatis. Downwaip possibly 
associated with noncontinuous ring of depressions forming gi'eat circle around 
ring mountains rimming Mare Serenitatis. Surfaces and slopes like Mare 
Serenitatis, but without low ridges. 

Mare Tranquilitatis 

Between and contiguous to Mare Serenitatis to N.W. and Maro Nectaris 
and Mare Fecunditatis to S.E., a])])roximatoly 500 miles E.-W. Lava-flooded 
downwarx)ed area with iiTcgular boundaries ; in N. isolated emergent high- 
lands, possibly a ])ai*tially foundered segment of ring mountains encircling 
Mare Serenitatis. Near S.W. border are minor rillos, jn'obably from contrac- 
tion and slumping during cooling of lava; S.E. -trending rillcs also prominent 
in E. In W. numerous approximately N.-S. low ridges converge on a circular 
ridge area, possibly tJxe result of meteoric impact during solidification of 
lava. Numerous J^)st-Maria craters, the larger ones mostly in W. Surface 
generally smooth except for many small pits and craters, and few large 
Post-Maria im])act craters ; in isi)lated liighlands rough. Floor generally levol ; 
isolated highlands steej)er. 

Mare Fecunditatis 

South-east of Maro Trampiilitatis. Lava-fioodtHl low area with irregular 
boundaries, except parts of W. sidc.'^ where hotindcd by straight fault escarp- 
ment. Some low ridges 50 to 300 ft. high trending N.E., N., and N.W. 
Scattered, small Post-Maria craters. Suifaces and slopes similar to Mare 
Tranquilitatis. 

Mare Nectaris 

South-east of Mare Tranquilitatis and S.W. of Mare Fecunditatis. 
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Lava-flooded, large, nearly circular, impact area, diameter 170 miles; almost 
surrounded by ring mountains. Some low ridges trending N. and N.E., 
and poorly defined circular ridge in center. Few prominent Post-Maria 
craters. Surfaces and slopes similar to Mare Serenitatis. 

Mare Vwporwm 

South-east of Mare Imbrium and S.W. of Mare Serenitatis; narrow 
connection with Sinus Medii to S.W., and possibly with Marc Serenitatis, 
Lava-flooded downwarp, part of interrupted depression eneircling Mare 
Imbrium beyond its ring mountains ; probably formed at time of Imbrium 
impact. Boundaries somewhat straight following stiuctural control, but 
some irregular embayments. In E., low ridges trending NT. and N.W. ; in E., 
W.-sloping monocline. Surfaces and slopes similar to Mare Serenitatis. 

B%%U8 Medii 

South-east of Mare Imbrium and S. of Mare Vaponim; includes mean 
libration center of Moon. Nature, structural relations, and character of 
boundaries similar to Mare Vaporum. Some cons])icuous rilles in E. generally 
trending N.-S.; N.E. of these is Hyginus Rille (lOJ). vSome Post-Maria 
craters. Surfaces and slopes similar to Mare Serenitatis exc^ept includes 
several long slopes variously oriented. 

Oceanvs Procdhirwm 

In W.; largest feature Mid-Lunar Lowlands. An extensive, lava- 
flooded lowland with irregular boundaries where lava flows penetrated high- 
lands; open to E. to Mare Imbrium. Islandlike lava-surroiuKh^l highland 
masses, partly submerged crater remnants, Post-Maria (jrators, and low domes 
and hills of extruded lava rise above lowland plain. Low', sinuous lava ridges 
on plain. Surface probably mostly smooth except for many small ])its and 
craters. Slopes mostly low; steep in included highlands and on eratctrs. 

Sivm Boris, North end of Ocoanus Proccllarum. Lava-flooded lowland; 
in E. probably part of the depression encircling Mare Imbrium l)(\v<>u<l its 
ring mountains. Some low ridges trend chiefly N.--S. Some Post-Maria 
craters and lava hills. Surface generally smooth ex(^e])t for many small pits 
and craters, and a few largo Post-Maria impact craters; in lava hills fairly 
rough. Slopes generally low; steeper in jats, craters, and lava hills. 

Northern Section, West of Mare Imbrium. Extensive lava-fioodc^l low'- 
land; includes Harbinger Mountains (5G) and other isolated highland 
remnants of foundered W. rim of Marc Imbrium. Nunu^rous low ridg(^s 
chiefly trending N.-S. Numerous Post-Maria ci*aters. Surfaces gcuierally 
smooth except for many small pits and craters, and sonu' hu*ge Post-Maria 
impact craters; rough in Harbinger Mountains and r(‘lated isolatcsd high- 
land remnants. Slopes generally low; steei)er in ])its, cratc^rs, and Harbinger 
Mountains and related highlands. 

Aristarchus Hills, In N. part of Northern Section, entirely surrounded 
by Northern Section; extending about 160 miles N.-S. J^ow hills having 
rough surfaces of ejecta from Mare Imbrium partially concealing eroded aiul 
fractured older surface; also two large Post-Maria craters in H.E. In S. large 
rille, Schxoter’s Valley (46). Surface generally rough, i)artieularly on sides 
of Schroter’s Valley; smoother on lower slopes of the large ]*ost-Maria 
craters. Slopes steep on sides of Schroter’s Valley. 
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Miliclmut Dome Field, East of Northern Section, and S.W. of lower 
(Jurpathian Section. Lava-flooded lowland containing a half-dozen or more 
Kinall domes 2 to 3 miles in diameter, probably formed from accnmnlation of 
lava around a central vent ; possibly an end phase of Mare Imbrium flooding 
after surface of lava hardened but fluid lava underneath still under pressure. 
Some Tost-Maria craters, of which Milichius (6J) is largest. Surfaces moder- 
ately rough or pitted. Slopes generally low, except steeper on Post-Maria 
pits and craters. 

InkmiaHa Section, East of Northern Section and S. of Mare Imbrium. 
Mostly an irregular-shaped, lava-flooded lowland, in part the structural 
down war]) encircling Mare Imbrium beyond its ring mountains; includes 
many isolated highland masses. Some low ridges S.E. of Copernicus. Numer- 
ous Post-Maria craters. Surfaces on low areas generally smooth except for 
many small x^ts and craters, and a few larger craters from Post-Maria 
im])acts; s\irfaces rough on isolated highlands. Slopes generally low. 

liiphaeiis Sedtion, South-west part of Oceaniis Procellarum. Laya- 
tlooded lowland, containing numerous isolated islandlike highlands including 
the Riphaeus Mountains (6L) and many partly engulfed older craters. 
Numerous low ridges, commonly trending N.W . Surface of lowland generally 
smooth o.Kcept probably for many small pits and craters, and some larger 
Post-Maria impact craters; highlands and craters mostly moderately rough. 

Shius Aestuuni, Reentrant N.B. of Intermaria Section. Oblong lava- 
flooded lowland, 160 miles long. Intermittent and en echelon low lava 
ridges l)araUel S.E. boundary. Surface of lowland generally smooth except 
probably for many small pita, and some small craters from Post-Mana 
itnptuitM. Slopes generally low. 


Mare, N iMvm 

South of Ocoairus Procellarum. Lava-flooded lowland, about 400 miles 
in greatest dimension, containing numerous isolated islandlike highlands 
and partly engulfed older craters. E. of Straight Wall (8M) along bordOT are 
nearly ongulfod older craters. Some low lava ridges, most trending N.-S. 
Surface of lowland gonorally smooth except probably for many smaU pits 
and cratom, some larger Post-Maria impact craters, and Straight Wall. Slopes 
low, except steep in Straight Wall. 


Mare Ilmiomm 

South of Ocoanus rrocollaxum and W. of Mare Nubium. A lava-flooded, 
largo, impact area, roughly circular about 250 miles diameter; partly nmme 
l)V ring mountains; isolated mare-like areas to S.W. and S. Low lava ridges 
on E side. Minor rilles paralleling W. boundary indicate contraction and 
downwarping of lava after cooling. Surface generally smooth except prob- 
ably for many small pits and craters from Post-Maria impacts. Slopes 
generally low. 


Palus Epidemiarum « j j 

South-east of Mare Humorum and S.W. of Mare Nubium. Lava-flood^ 
lowland; maximum width 160 

N.W.-S.E. faults; connects with Mare Humorum, but separated from Mm 
Nubium by narrow highlands. Numerous minor rilles. Surface generauy 
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smooth except for small pits and craters from Post-Maria impacts, and in 
vicinity of minor rilles. Slopes generally low; minor rillcs steeper. 

NORTHERN LOWLANDS 

North and N.E. of Mare Imbrium and Mare Serciiiitatis. Lava-Hooded 
downwarp depressions, lowlands, and impact cratei’s. .Boundai*ies mostly 
irregular, in pai*t circular from craters. Some low lava ridges, and Post- 
Maria craters. Surface generally smooth except for small pits and craters 
from Post-Maria impacts. Slopes mostly low. 

Mare Frigoris 

North of Mare Imbrium and Marc Serenitatis. Lava-Hoodc^l lowland 
trough 1300 miles E.-W.; mostly part of inteiTU])ted de])ressions encircling 
both Mare Imbrium and Mare Serenitatis beyond their ring mountains. 
Boundaries generally irregular except for circular boundary oi* J.iaeus Moitis 
(IIF). Some low lava ridges. Surface generally smooth (^\c(^])t. ibr small 
pits and craters, and some large Post-Maria impact craters. Slo])(‘s gtuiei‘ally 
low. 

Mare Humboldtianum 

Near N.E. limb. Lava-flooded, largo impact crat(T, roughly circular, 
200 miles diameter. Other smaller lava-flooded areas in vicinity. Bi^cause 
of position near limb, surfaces and slopes undetermined, but proba bly similar 
to Mare Humorum. 

MARGINAL LOWLANDS 

Near E. limb. Lava-flooded impact area and lowlands, possibly con- 
nected in part. Ring mountains nearly encircle im])a(d. arc^a, Ibrniing gener- 
ally circular boundary; most boundaries in*egular. Ijow lava ri(lg(‘s. Surface 
generally smooth except probably for many small ])its and (‘raters fi*om Post- 
Maria impacts. Slopes generally low; pits and cratt^rs sl(‘C‘])tM*. 

Mare Crisium 

Near E. limb. Oval-shaped, lava-flooded imj)aet ar(*a; 340 inihvs K. -W. 
and 200 miles N.-S. Nearly encircled by ring mounf ains; nunun’ous rc^- 
entrants of lava joenetrate sun’ounding highlands along lault. rifts; hirgi^st 
at N.E. to Mare Anguis (lOH). Low lava ridges, and inward-faeing slopes 
near borders. On N.W. partial slumping forms sbelf mountains. SurfaiH^s 
and slopes similar to Mare Humorum. 

Mare Undarwn; Mare Spumans; Mare Mmr Margin is; Mare 

Novum 

These maria at or near E. limb of Moon. All ari^ lava-llooded lowlands, 
possibly connected in whole or part. Not easily ol)S(n‘V(Hl l)(H^aus(^ of position 
on limb. 

AtrSTRALE LOWLANDS 
Mare Australe 

Situated on S.E. limb. Australe Lowlands beyond limb probably in- 
cludes other maria areas like Mare Australe, a lavu-floodc^d lowlamL Surfaces 
and slopes unknown, but probably similar to Mare Humorum. 
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AESTATIS LOWLANDS 

Mare Aestatis; Mare Autumni; Mare Veris 

On W. limb of Moon; Mare Veris beyond limb in libration position. All 
the maria in this division are lava-flooded lowlands, not easily observed 
because of position on limb. Surfaces and slopes unknown but probably 
similar to Mare Humorum. 




SOME SYSTEMATIC VISUAL LUNAR OBSERVATIONSf 


D. W. G. ARTHUR 

Lunar and Planetary LaboraUn^y, University of A riz(yna, 
l^icson, Arizona, U.S.A. 


Introduction 

SiNCJB the visual observer obtains a resolution some three times that obtained 
photographically with the same telescope, justification of this method of 
getting data on the lunar surface is quite unnecessary* Visual observations 
have the w'cll-known drawbacks of subjectivity and selectivity and are also 
positionally inaccurate. These defects can be controlled and their effects 
reduced by repetition and by appropriate observation routines. 

The observations of this paper were made with the 40 in. refractor of 
the Yerkes Observatory and the 82 in. reflector of the McDonald Observatory. 
The full apeitures were i‘arely brought into play and the bulk of the observing 
was performed at 24 in. aperture because of imperfections in the seeing. 
Even with these rechiced apeitures the observer may bo ]>reHented with such 
intricate masses of detail that he is obliged to be very selective in what 
he records. 


Observational Techniques 

In the case of topograjihic and carfographic research the observations 
were entered direi^tly on the sheets of the Photographic Lunar Atlas,’* 
thus following the exa.in])le of Kriegor. 81o])e and sluxdow observations 
were used to invi'stigatc! the detailed topogi*aphy of cratei’s, rilles and domes. 

In shadow observations of small craters, the shadows are estimated as 
fractions of the diamc^ters of the crater. These ('istimates arc affected by 
strong subjective en’ors and e.an be made only in the very best conditions. 
In my case, jioor seeing luis the ettect of making the estimated fraction too 
small, but th(^ eftect is reversed for cerfain other observers. These shadow 
estimates permit th(^ deterniination of the depth-diameter ratios and for 
diameters less than 5 km the r(‘sults are iis tmstworthy as jnicrometrio or 
photographic} detenninations. 

The slope estimates are (won more delicate and are perhaps the most 
difficult of ali lunar observations. Here the observer must decide on the 
moment of transition from black to grey of the lunar shtulows. Since 
this transition is contiinious the moment is indeterminate and all one can 
do is to “ box ” it betweem two moments, one corresponding to a definitely 
grey shadow and the other to a black. 

Cartographic and Topographio Observations 

These are necessary to supplement the defective resolving power of 
available photographs. A glance through the “Photographic Lunar Atlas*’ 
will soon convince anyone that ev<m with relatively small apertures it is 
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possible, in large areas of the disk, to add to the photographic data. An 
example of one evening’s work is shown for the Aristarchus region (Fig. 1). 

The observer starts with the photograph as a base, adds details which 
are missing and sharpens up those details which are hazy or doubtful in 
the photographic image. Very often, the photograph will give a faint and 
vague marking, so that in clarifying this the observer retains much of the 
positional accuracy of the photograph. 

Crater Observations 

These were usually limited to establishing general characteristics such 
as the determinations of the depth-diameter ratio, the external and internal 
slopes and the nature of the central peak when ])resent. 

Examination of the interiors of the smaller crater’s with large ai>ei’tures 
has enforced a change in my opinions. At one time I believed that the 
interiors of most of these were smooth hemispheiacal or* paral)oloidal bowls, 
but recent work with the 40 in. contradicts this. It now appcnirs that all 
craters, except the very smallest ( < 2 km), have interior forms whicsh are 



Fig. ]. Visual ol)Korvations oii AristarchuH area (oju' CiVCiniufji;). 


inverted truncated cones, with floors which ai’e somewliat daiivi^r than the 
walls. In the smaller sizes these floors are difficult to detect since th(\y may 
be no more than a kilometer across. They are most easily seen at full when 
they appear as dusky spots in the centers of the bright patches of the (^raters. 

One peculiarity of these observations is that a practised observer soon 
finds that the cast shadows are transparent and that he can look down 
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through them and see the entire floor, even though most of this is in shadow. 
Clarity rather than steadiness is the prerequisite for this type of observation, 
which was aimed at estimating the size of the floor and its cross-section. 
Very often, when the floor is convex, the illuminated wall will cause a 
shadow to be thrown in the reverse direction, forming a crescent of shadow 
along the edge of the floor nearest to the Sun. The concavity or convexity 
can also be detected by comparing the curvature of the end of. the shadow 
with that of the rim, but this depends on the assumption that the rim is 
level, which is frequently not the case. The floor diameter is about i of the 
rim diameter for craters of 16 km in diameter and appreciably less, say 
about I, for craters of 10 km diameter. These floors tend to be level or con- 
cave but examples of convexity were noted. 

Most of the depth-diameter ratios for craters in the range 6 to 16 km 
fall between the limits 0*16 and 0*23. The ratio is not very sensitive to 
size in this range and indeed this insensitivity is demonstrated by the 
following averages: 

Diameter Range Average Ratio 

5— 10 km 0*194 

10— 15 km 0*193 

Th(‘ individual means for the observed craters are shown in Fig. 2. 

Tlu’! extiTnal heights of the^ rims of smaller craters were also investigated 



5 10 IS 

Diameter (km) 


Kui. 2. l)<'ij)th: (liaindor ratios for orators })otwccn 6 and 16km. 

by means of shadow estimates. Over the range 0 to 20 km there appears 
to be quite a definite correlation between the diameter and the external 
height of the rim, the corresponding regression being 
Rim height (meters) = 49*416 Diam — 68 
in which the diameter is in kilometers. This regression is illustrated in 
Fig. 3. The crater Birt deviates from the regression and is exceptional in 
this respect, as well as others. Its rim rises almost 1000 m above the sur- 
rounding plain and is abnormally high. 
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The slope estimates were aimed at the physical values, not at the 
average straight dine values obtained by Fauth. Particular attention was 
given to the inner and outer slopes immediately adjacent to the rim. The 
inner slopes were found to be quite consistent, lying between 30° and 40°, 
with 35° as a fair average. This accords with earlier results. In contrast 
with this, the estimates of the outer slopes did not agree with earlier work. 
In a large number of oases I noted a very thin crescent of black shadow 
immediately adjacent to the rim and indicating a brief slope with values 
lying between 10° and 20°. This contradicts impressions obtained from 
photographs, but it must be remembered that with any loss of resolution 



Fio, 3. Height of orator rims above oxtorior Hiirfaoo. 


this thin black band of shadow is smeared into a grey tone. The much lower 
values of 3° to 6° quoted by other authorities no doubt refer to the average 
slope from rim to base. The brief steep slopes may correspond to an overttirn 
region immediately adjacent to the rim of the crater. 

Observations of the central peaks added nothing of vahie. These features 
have a heterogeneity which makes classification and systematization 
difficult. Craterlets were often noted on the summits of the peaks, as in 
the case of Albategnius, but with attention they could also be det(^ct<»d on 
the flanks. Further work in the way of craterlets counts, on the peaks and 
in their immediate vicinity on the floors, will l)c ncc(^Hsary to make axiy 
headway in this topic. 


Ltoar Rilles 

The rilles were observed in order to improve the picture of their distribu- 
tion and structure. Unfortunately, it is much easier to detect a narrow 
rille than to see the details of even the broadest specimens; therefore, most 
of the new results are additions to the list of known rilles. However, it 
has been possible to confirm Fielder’s median ridge in the Ariadacus Rille 
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and to. detect similar ridges in three other rilles. This median ridge is by 
no means characteristic of all the broad rilles but it is a peculiarity which 
will have to be taken into account in any theories concerning the lunar 
rilles. 

The rilles are evidently not a homogeneous group. The Ariadaeus Rille 
has clear-cut gi*aben features since its floor has dropped between parallel 
bounding faults. These can be seen as fine dark lines cutting through the 
overlying blocks whose central portions have subsided with the floor of the 
rille. This rille is almost alone in that its walls are visible as bright lines 
at full Moon. Other rilles have graben features, but the Triesnecker rilles 
appear to be very different. These are shallow and rather blurred grooves 
with no definite line between wall and floor. The row of brilliant white 
pits along the interior of the Hyginus Rille are now well-known and are 
even recorded on one Pic-dxi-Midi photograph, but this appears to be an 
exceptional feature. Almost all the broader rilles appear to have nearly 
level floors (except when the median ridge is present) meeting the walls in 
quite well-defined lines. At moments of good seeing, one can sometimes 
detect craterlets and other small features on these floors. The impression 
is that fusion, or some other leveling agency has acted on these rille-floors 
as it has undoubtedly done in the interiors of many craters. 

Shadow estimates of the depths of both major and minor rilles were 
imxde when the shadow occupied one half of the apparent width of the rille. 
The results were surprisingly uniform and the depth came out at 15 to 20% 
of the width. These findings do not agree with the deeper estimates of 
other authorities. Further observations of this sort are therefore necessary. 

The study of the distribution of the rilles confirmed the impression that 
the major systems are associated with the edges of the dark areas, whether 
these are maria or the interiors of certain large craters. The distribution 
is illustrated in Fig. 4. Near Marius in Oceanus Procellarum is a long rille 
with abnormal siting since long rilles are usually absent from the interiors 
of the maria. This is a serpentine type of rille. Another of this tyi)e has 
been found in the central M. Imbrium and still another near Letronne. 

Associated with rilles are the shadow valleys noticed by Kiicgcr and 
Goodacre. In plan these are large featui*es perhaps 10 to 15 km wide but 
their inward slopes towards the V-bottom are so gentle that they can bo 
seen only when close to the terminator. Almost all those seen by the writer 
have a rillo along the center of the valley. An easy specimen runs south 
from the crater Guericke B. 


Faults 

There is a temi‘)tation to label all linear features as fatilts, but the wi’iter 
has not been able to detect many unmistakable fault features on the lunar 
surface. Apart from the well-known faults ixear Cauchy and Birt there is a 
much-mutilated example running south-east across the south end of Mare 
Humorum, which appears to be quite independent of the nearby rille system. 
There is an even weaker example iveross the south end of Mare Crisium and 
a well-displayed example with a western downthrow near Imbbock. How- 
ever, the most extensive system of faults lies in the A])ennines. Here there are 
numerous lines parallel to the frontal scaip with a secondary scries at right- 
angles to this. 
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Many of the rilles were examined to detect fault characteristics. Not 
one example of horizontal offsetting was found, hut downthrows or vertical 
displacements turned out to he fairly common. As an example of the close 
association between rille and fault, the Cauchy fault is extremely interesting. 
A rille runs along the foot of the fault, perhaps a kilometer or so away, 
while the fault itself appears to turn into a rille at its east end. 


Fig. 4. The distribution of iuiuir riU(\s. 

The Lunar Domes 

The distribution of these, based on the observations of (b P. .Kuipc^r, J5. 
A. Whitaker and the writer, as shown in Tig. 5, appears to suppoi’t the: follow- 
ing conclusions: (i) the domes are restricted to the dark arenas usually 
assumed to he lava flows ; (ii) the domes are further restricted to arenas where 
one would expect the lava covering to be shallow; (iii) d()m(‘s usually occur 
in related groups. 
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To support these conclusions it may be noted that persistent attempts 
by the writer to detect domes in Mare Crisium, Mare Nectaris and Mare 
Hnmorum have not !)een successful while the only domes found in Mare 
Serenitatis and Mare Jmbriiun are very close to the edges of these maria. 
The large dome concentrations are found in Mare Nubium, Mare Tranquil- 
itatis and east of Co])ernicus. In these latter areas, the existence of ghost 
rings, isolated peaks, and the wrecks of former craters indicate a shallow 
lava cover. 



Kko f). Th(‘ distribution of lunar domes. 


It is usually accei)ted that domes have the same tone as the surface on 
which they stand, but the dome bisected by a rille just north of Menelaus 
is distinctly darker than the marc and appears as a dark spot at full Moon. 
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There is considerable variation in the forms of the domes, exemplified 
by the two near Cauchy. One is a disk-like structure with a central apei'ture, 
while the other is conical with a very small bright spine at its summit. 
Neither of these bears any resemblance to the large complex domes near 
Arago or the strange complex of swellings which constitutes the feature 
called Riimker. The disk-type dome near Cauchy and others of the same 
sort have been observed for height and the typical dimensions of those 
features are: ’ 


base diameter = 6 km 

summit diameter = 4 km 

central aperture = 1 km 

height = 110 m. 


The large dome east of Arago is about 500 m in height. In all cases the 
heights of the domes came out at 2 or 3% of their base diameters. This very 
gentle relief is confirmed by the slope estimates, which indicate slopes from 
2® to 5°30' for the flanks of the domes. The smallness of the central orifices 
makes these features difficult to examine. I was unable to detect rims, 
but by comparing the glimpsed inner shadows with those of nearby craters, 
it was possible to establish that their depth-diameter ratios are not much 
different from those established for normal small cratem of the same size. 


Mare Bidges 

In a few cases it was possible to confirm previous observations by G. P. 
Kuiper that many of these ridges are cracked open with rille-liko openings 
along the summits. In some there is appreciable downthrow. Th(^ easiest 
example is perhaps the broad ridge north of Spitzbergen. 

The plaited ridge running across S. Aestuum shows one remarkable 
feature. Its structui’al lines are prolonged into the mass of the Apemiines 
and do not stop at the junction of mountain and mare. Those lines, as 
fugitive markings, run some 60 or 70 km into the mountain mass. This may 
indicate a deeper seating of the forces which caused these ridges than is 
commonly supposed. 

The relations between the mare ridges and submerged structures is still 
obscure, but a frequent association between these features has been noted. 
The most prominent examples are at Lament in the Mare Tranquilitatis and 
in the very large ling surrounding the Straight Wall. Undoubtedly, the 
mare ridges tend to follow the lines of submerged objects. 



PHOTOGRAPHIES A GRANDE RESOLUTION DE CERTAINES 
REGIONS LUNAIRES 


AUDOUIN DOLLFUS 

Ohaervatoue de Paris, Section d'Astrophysiqm, 

Mevdon, France 

En vue d’une 6tude trfes d^taill^e de la surface de la Lune et des planfetes 
B. Lyot avait install(^ eii 1941 un r^fracteur de 38 cm k rObservatoire du 
Pic-du-Midi. Le but ^tait de mettre k profit les conditions atmosph^riques 
«ouveut excollontes recontr^es sur ce sommet de 2860 m d’altitude. En 1944 
cet instrument fut remplac6 par unr^fracteur plus puissant dont Touverture 
de 60 cm permettait de tirer un encore meilleur parti des nuits assoz fr6- 
quentes ou la turbulence atmosph^rique reste rMuite. 

L’6tude topographique de la surface lunaire fut conduite scion deux 
proc6d6s. 

Des cliches couvrant de grandes portions de la surface lunaire ont €t6 
efFectu6s au foyer direct du r^fracteur de 60 cm, mesurant 18 m 25 de 
distance focale. La plupart do cos clichds ont 6i6 effectuds en 1944 et 1945, 
par B. Lyot lui-m5me et par M. Gentili. L’ensemblo de la collection recueillie 
couvre la surface totale de la Lune sous des 6clairements divers, et constitue 
un atlas complct actuellement en cours dHmprossion. (Les Editions de 
Visseber — ^Bnixellcs. ) 

Un certain nombre d’images de la collection pr6c6donte sont d^une 
finesse inhabituellc ct inontrent des details d’une grande dcSlicatesse. Cepen- 
dant il fut v6rifi^ que la dimensions angulaire do I’imago projot6e sur la 
plaque no permettait pas do tirer Ic parti maximum de rextrSmo finesse 
de la resolution donn6e certaines nuits. 

Pour completer la collection pr6c6dente, il d<?sirable d’agrandir 

Timago il Taide do dis])ositifH optiques et d’clfectuer des cliches comi)16men- 
taires do cerfaines regions particu litres. Ces regions sont heaxicoui) moins 
^.tendues, inais elles sont soigneusement ohoisies pour leur topographic 
caract^ristique ou singuliiTc, et inontrent une richesse de details qm souvent 
n’a pas ^t6 6gal6e. 

(3e xn’ogramme de xihotograiihics lunaires il tr6s haute resolution a 
debut6 on 1942, 11 s’est i>rolonge dejil durant 19 ans jusqu’5. cotto ann6e. 
Au cours des campagnos d’observations successives des dispositifs optiques 
et photograx)hiquoH ont varied, MM. Camichcl, Clastre, Dollfus, Gentili, 
Leroy, ont contribu^^ avec B. Lyot il rcnrichissemcnt de la collection. 

La Figure 1 montro lo cratfere Aristillus. Cette iiliotographio prise par 
B. Lyot lui-raemc, en 1945 suggferc un caractfere explosif ; des sillons radiaux 
labourent Ic sol vers la droitc. 

Vu par la tranche, un tel crattre resHomblerait il celui de la Figure 2, 
bien que do beaucoup plus grande dimension. 

La Figure 3 est prise dans les r^ions claires, au voisinage de Maurolycus. 
Les cratferes y sont r6pai‘tis d’uno maniero qui rappelle le hasard. Ils empife- 
tent les uns sur les autres de telle fa^on qu’il seinble difficile do leur attribuer 
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Fig. 2. Inghirami 25 Aout 1942. Refraeteur de 38 cm. Le 2sord est a droite et le Sad a gauche. 
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Fig. 3. Kegion entourant Maurolycus. ler Mars 1944. Enchevetremeiits et enixiietements de erateres. 
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Fig. 4. Ptolemaiis 21 Mars 1945. Refracteur de 60 cm. Fond du cratere i^arsele de nombreux x^etits craterelets. 
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Fm. 5. Grimaldi 25 Aoiit 1942. Refracteur de 38 cm. Cratere rempli par de la lave. Le Xord est a droite et- le Sud a gauche. 
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Tine provenance interne. Les impacts de meteores donneraient cette reparti- 
tion. Chaque collision domic lien a une explosion, et cedes ci sont accumulees 
pendant de tres nomhrcnx milltmaires. Les enipifetements successifs des 
cratCTcs permettent de les classer par ordre d’apparition, Les pins recents 
out des holds nets et des aretes vives. Les crateres anciens sont generalement 
emonsses et leurs reinparts sont alteres. Cette degradation ponrrait provenir 
en partie de Terosion par les petits meteores; cenx-ci sont tres nomhrenx 
et leurs cavites explosives, trop petites pour etre observees, ponrraicnt finir 
par se superposer et altei'cr le model e apres de tres nombreuses annees. 



(). Fracastoritis 2i) K(Wri(^r liH)l. Refractciur do (>() cin. (Jrab('iro onvahi par no 

('‘]>a.n(‘liemoiit.. 

Snr la Figure^ 4 fond dn grand cratere Ftolemaiis parait rempli par 
une matiere sombre assez lisse. II seinblc cpi’nne etendne liqnefi^c se soit 
epanchec ])uis ensuit(‘ solididet^ Clette lave a pu ])r()venir do rinterienr de 
la Lime, si de grandes etendnes li(|ueiiees out pu se maintenir sous la surface. 
Elle pent provenir aussi dn choc lui nieme (|ui donna naissance an cratere, 
si la vitessc dn gros ineteore, responsable de la formation dn cratk’e 6tait 
insnffisante pour dissiper tonte Tevnergie ])ar volatilisation explosive. L’6ten- 
due sombre est apparue a nne date beau coup ])lns recente que la surface 
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Fig. 7. Wargentin 27 Xoverabre 1955 a 21** 02®. Refraeteur de 60 cm. Epanehement de lave debordant du cratere 

en bas a droite. 
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Fig 8 Triesiiecker 21 Mars 1945 a 20^ 45°^. Lunette de 60 cm. Fraeturations du sol j)robablement attribuables a des seismes. 
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FiC 4. 9. Hyginiis 21 Mare 1945. Rainure large, partiellement comblee. 



Fig. Irt. B^ rghis 25 Aoiit 1942. Lunette de 3» cm. Faille rectiligne traversant des fomiations topographiques divi 

Le Xord est a droite et le Sud a gauche. 


336 


AUDOUIN DOLLFUS 


claire du sol de la Figure 3 ; |)ar suite elle a accumule les impacts des met cores 
pendant moins longtemps, et les crateres importants y sont presqne in- 
existants. Mais les tres petits crateres restent innombrablcs; les plus petits 
decelables sur la figure ont 800 metres de diamHre; tout laisse penser cpie 
leur nombre serait encore bien plus considerables si la resolution du 
cliche pouvait etre encore amelioree. 



Fig. 11. Posidonius 20 Fevrier 1961, Lunette de 60 cm. Fond do cratoro a.n(u(ux par- 

couru de failles et deboito. 


Les epanchements de lave ne sont pas rares sur la Lunc; en fait toutc‘s 
les etendues sombres applees mers semblent pouvoir s’explicpier par de tels 
processus. Ainsi la Figure 5 nous montre le cratere Grimaldi. L’epancheraent 
parfaitement plan semble avoir reconvert primitivement une surface plus 


2 (). PHOTCX^APHIES DE OERTAINES REGIONS LUNAIRES 


337 



d’line faille circulaire a bascule. 
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Fig. 13. Petavius 21 Mars 1960 a 20*1 00®. Refraeteur de 60 cm. Cratere tres alter© par rerosion dont le fond esi 
separe en derix parties egales par ime faille efc dont les moities sont deportees. 
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riG. U. Alphonsus 21 Mars 1945 vers 21 » lo”. Refracteur de 60 cm. Fond de eratere tres tourmente. 
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etendiie du cote Nord (a droite siir la figure); un retrait a degage ces rivages 
en laissant les accidents du sol partiellement refondus. 

La Figure 6 donne rcxeinple inverse de Tarene de Fracastorius, envalii 
par r epanchement dc lave constituant la Mare Nectaris,avec fusion partielle 
du rempart primitif. 

Certains crateres })artielleinent combles avec remparts emousses parais- 
sent avoir pu etre reiiiplis de lave a la suite des raz de inarecs accompagnant 
la liberation cataclysmique locale d’une grande quantite de lave. 

Bans le cas dilfbrent du cratere Wargentin, Figure 7, T etendiie primitive- 
ment liquide occupa iin volume superieur a la contenance du bassin et 
deversa, en l)as a clroite, dans cratere voisin. 



1(). JHortonsiuH 29 Avril 1958 20^^ 47«’. Rofmcrteur do ()() (‘in. l^‘liitos oollinos avoc 
puit oonlvral, atl-rihuabloH dos volc^ans. 


Les chutes des corps (jclestcs a la suiLace de la Lunc^ (pd out donne 
naissance aux crateres cd/ provoques les epanohenients lujiddcs, out dii 
produire egalement des seisnies e.onsid(U*al)les. Bes ebranlcmcnts de la 
croute lunaire out provoque des crevasses et des fissures. La raiuure de 
Triesnecker, Figure 8, inesure de 1 a 3 km de large et elle est accompagn6e 
de craquelures plus fines; le caractbre anguleux du trace et les intersections 
caracterisent generaloTnent les crevasses resultant dc seisines. 
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Non loin de cette region, la rainure de Hyginus, Figure 9, beaucoup plus 
large et partiellement combine, semble s’^tre ouverte le long de petits 
erat feres prfeexistaiits qui ont pu afiEaiblir localement le sol. On devine sur 
le tirage original de 1’ excellent clichfe de la Figure 9 des feboulements le long 
des Ifevres de la fracture, peut-fetre dus aux impacts de petits corps cfelestes 
k proximitfe du bord. 

Certaines fractures, sou vent parallfeles aux contours des mers, semblont 
fes’fetirer le long de tracfes rectilignes ou sinueux, sans aucun angle vif. 
Ces trainees traversent sans alteration les obstacles topographiques j)rc- 
existants. La Figure 10, obtenue dans la rfegion de Byrgius, en donne un 
exemple. La trainfee qui prend naissance au centre de Vimage traverse 
successivement une colline confondue avec le rempart d un cratfere, puis lo 
fond du cratfere, le rempart opposfe, un mamelon fe proximitfe dun plus 
petit cratfere etc. Ces fractures pourraient fetre dues non plus k des sfeismes 
mais fe des tensions superficieUes resultant d’fechaufifements et de refroidisse- 
ments de Tensemble de la surface lunaire, ou de certaines regions affectfees 
par les fepanchements liquides k haute temperature. 

Certain clichfes de la collection sont consacrfe aux cratfercs dont les fonds 
'Comblfes sont trfes souvent marqufes par des structures trfes tourmontfecs. La 
Figure 11 montre Posidonius. Plusieurs fractures craquelfecs se croisent 
tandis que Tarfene semble avoir 6t4 cassfee et soulevfee h gauche. Le mfeme 
phfenomfene se retrouve dans Taruntius, Fi^re 12, dont le fond apparait 
■comme dfecoupfe circulairement aux deux tiers de son rayon, et ddboite. 
La Figure 13 montre le fond du trfes vieux cratfere ferodfe Petavius. Une 
fracture exactement diamfetrale sfepare le socle interne en deux parties 
•fegales. Les Ifevres rejointes ont presque complfetement effacfe la faille au- 
del& du piton central, mais les deux moitifes se sont dfeportfees cn avant pour 
constituer une trfes grande falaise. 

La Figure 14 montre le fond d’Alphonsus. Les failles, les rides et les 
nombreux petits cratferes s’y enchevfetrent pour riger feune topographic 
particuliferement tourmentfee. Vu de profil, ce cratfere resscmblcrait h cclui 
de la Figure 15. La boufffee gazeuse observfee spectroscopiquoment le 3 
Novembre 1958 par le Dr Kozyrev s’est produite au centre d’Alphonsus, 
immfediatement] fe droite du piton central, dans la rgionfe k Tombre do cclui 
ci sur la Figure 14. Cette observation indiquerait Texistenco de phfenonifencs 
volcaniques sur la Lune. Le dernier clichfe. Figure 16, reproduit les monticules 
voisins du cratfere Hortensius. Ces mamelons possfedent un petit puits central \ 
ils ont fetfe attribufes k des restes d’assez importants volcans. 
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The aim of our present communication should be to give you a brief account 
of the current photographic work on the Moon which the Manchester astrono- 
mers have been carrying out, for some time, from the French high-altitude 
observatory at Pic-du-Midi under the auspices of the United States Air 
ForceJ. This work, today, includes a variety of lines of lunar studios but 
since the inception of the entire programme in 1958 our principal aim has 
been to secure adequate data for extensive three-dimensional topography 
of the surface of our satellite; and it is this work whose recent developments 
we should mainly like to describe to you today. 

The importance of a closer acquaintance with topographic properties of 
the lunar surface needs, perhaps, scarcely any additional emphasis at this 
time. To the astronomer, the surface of the Moon represents both the visible 
boundary condition and cumulative record of all internal (thcnmal and stress) 
processes, as well as an ‘‘ impact counter ” of external events, which our 
satellite must have undergone since the days of its formation. To the 
astronaut it represents again a territory through which he may have to find 
his way in the relatively near futtire (astronomically si)eaking). The visible 
face of the Moon represents indeed a fossil i‘ecord — ^unique because of its 
immutability — of equal value to both; and for these reasons alone its count- 
loss details merit closer exploration than has been done so far. 

In order to help meeting the anticipated needs for accurate lunar maps 
in the future, the Department of Astronomy at the University of Manchester, 
with financial support from the U.S. Air Force, embarked in 1958 on an 
extended programme of lunar cinomatogra])hy — aiming to record the sun- 
rise and sunset phtmojnena over all parts of the lunar surface — ^in order to 
secure the data from which three-dimensional lunar coordinates (i.o. not 
only the latitude and longitxide A of any i)articular point, but also its 
relative height h above the sairrounding landsoaix^) could be determined with 
sufficient accuracy. The accuracy which one can attain in positional or height 
measurements depends, in turn, on the resolving power of the telescope 
employed for such work, that of the detector (i.e. x)h()tographic emulsion) as 
well as the quality of images as inflTionced by atmosphericj s(^eing at the 
observing site. 

Of the sites which have been conveniently accessible to us, the optimum 
conditions in respect to all these requirements exist at the Obsorvatoirc du 
Pic-du-Midi in the French l^yrencos, situated at an altitude of ^2852 m-14 m 
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below the actual summit of Pic-du-Midi — well above the level of atmospheric 
dust and sufficiently far from disturbing city lights, yet easily accessilde with 
heavy equixmieiit and provided with excellent facilities (power, living condi- 
tions, etc.) for sustained long-range work. And, most important of all, this 
Observatory possesses a long-focus refractor of (iO cm, (24 in.) clear aperture 
and 18 ni focal distance— by far the highest-situated instrument of its siz(‘— 
which, together with its companion photographic doubled., saw its lirst 
distinguished tour of duty, in the service of lunar photography, at tlu‘ hands 
of Leeway and Puiseux in Paris in the x)reparation. of their famous A Ua,^ de la 
Lune. Seventy years later, in the new' location at Pic-du-Midi (wliere it was 
removed in 1944) it resumed thus, in our hands, its former calling at a site 
where the renowned clarity of the atmosxdierc and steadiness of imag(‘S 
repeatedly made history of the annals of observational astronomy sirn^e the 
days of Lyot (see Fig. 1). We are indeed very grateful to Dr. Jean lt()sch, 
Director of the Observatoire du Pic-du-Midi, for allowing us all tlu^ valuable 
privileges of his institution, and for his continued courtesy and c() 0 ])ei*ation 
in our work. 


Fic3. 1. The large donie housing the 24- in. refractor at Pic-dn-MJdi, with whicli all 
photograx>hic work reported in this paper has becni c^unlc'd out. 


The objective of the coudo refractor of Pic-du-Midi is a doublet (jorreet(‘d 
for visual light; and on account of its long focal length, its dc^fhh of fo<*iis is 
considerable. In order to improve its definition, a pass-band of appr'oximatdy 
150 A in width and centred at A = 5 600 A was isolated by suita])le glass 
filters — ^this wave-length being chosen partly because of the characiteristic.s 
of the films employed in our work (Ilford 5Gr91, Pan F, or Eastman Kodak 





Kkj. U. Rogioti {>r t/ho lutuir era, ter Tythagoim on the north-western limb of the Moon. 

Th.(‘ linear scale attained in the focal plane is IT^/ mm; and as (at the 
mean distaiut?! of the Moon from the Earth) one second of arc corresponds 
to 1 8()4 ni on the lunar surface, it follows that 1 mm on our original negatives 
corres])onds to 21 *3 km on the Moon, and 1/x to 21-3 m. This latter resolution 


Plus-X) and ])artly because the secondary spectrum of the objective is such 
t hat the longitudinal aberration — zero at 5850 A — rises steeply towards both 
sliorter and longer wavelengths. The photographs taken in the light of 
A < 5500 or > ()3()0 A would, therefore, have necessitated the use of 
lilters with c^ven narrower passbands (and, consequently, longer exposures). 
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is, of course, "unobtainable on several grounds; the most important one being 
the fact that the diameter 1-22(A/jD) of the first Airy’s disk of a lens of 
aperture D = 60 cm at the effective wave-length of 5 600 A is equal to 
0"23 — corresponding to 430 m on the Moon, or 20/x in our focal plane. The 
maximum resolving power of a 24-in. refractor would, therefore, permit us 
to measure the details on our films with a minimum error of + 0"12, corres- 
ponding to about + 200 m of transverse distance on the Moon (corresponding 
to errors of ± 1 min of arc in the determination of the selenographic co- 
ordinates A, in the central parts of the apparent disk of the Moon), or about 


Fkj. 3. Part of the Southei*n Hemisphere of the Moon, showing the surface formation 

north of Werner. 
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+ 200 sin p III ill lunar elevations (where v stands for the sight angle of the 
i*(\speetive peak as seen from the tip of its shadow on the Moon). At low 
altitudes of the Sun above the lunar horizon, sin v 0 *05 ; so that the errors 
in relative heights of lunar mountains, as determined from the measured 
Umgths of the shadows cast by them on the surrounding landscape, become 
of the order of +10 ni near the centre of the ap|)arent disk of the Moon. An 
c^Kt('nsive experience of the past 2 years leads us to conclude that an 
at*cui*aey of this order is indeed attainable at Pic-du-Midi on approximately 
I0‘b) of our films. 

In ord('r to secure the actual observations, a him camera is attached to 
th(‘ t(‘l(\sc‘ope and ])hic(Kl directly in the prime focus of the 60-cm objective. 
Systmnatic work began early in 1959, when the astronomers of Manchester 
Univt‘rsity attached to the 60-cm refractor an existing camera using 35-mm 
him, whost^ shutter admitted a held of 25 mm in diameter. Before we can 


Kkj. 4. SiinHot over the lunar crater Coi^ernicus. 

surv(\y tht' progress which has been made since that time in our observing 
tcchn'icpicH, it may ))t‘ as well to mention two disadvantages of the prototype 
camera, the first was its inaf)ility to record more than approximately one- 
fiftieth of the visil)le lunar surface at one exposure; and secondly, the action 
of the camera was fully automatic so that exposures were obtained at the 
rate of throe per minute regardless of the atmospheric conditions and the 
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quality of the images. However, considerable amounts of film were exposed 
and processed in the photographic laboratories of the Observatory, and from 
the many thousands of negatives a large number were subscciuently used for 
topographic studies of the surface features of the Moon ; for their examples, 
cf. the accompanying Figs. 2, 3 and 4. 

Later in 1959 the shutter of the camera was replaced by one which en- 
abled a format area of 25 x 90 mm to be used — 25 mm being the maximum 
usable width of 36-inm film — and this in turn permitted the lunar terminator 
to be fully covered in two overlapping exposures (cf. Fig. 5). At the same time 
the mounting was modified so as to allow the camera format to be aligned 
with any prevailing lunar terminator. Also, the automatic system of shutter 
operation was discarded in favour of manual control; for w'hile the lunar 
photographer cannot predict atmospheric observing conditions exactly, the 
experienced operator can recognize certain patterns and trends and can 
discriminate against excessively poor conditions. As a result of these modi- 
fications, not only were larger areas of the lunar surface recorded on each 
negative, but the percentage of good negatives showed a marked increase. 

In the principal focal plane of the 60-cm refractor at the Pic-du-Midi 
Observatory the diameter of the lunar image varies between 15*4 cm at 
apogee to 17*6 cm at perigee. Such an image is large and can be accom- 
modated quite easily on glass photographic plates when only a few negatives 
are required to justify a night’s work. However, the shadow progression 
technique is far more complicated, for the lunar shadows must be photo- 
graphed frequently over long periods of time if then* individual movements 
are to be recorded. This involves certainly many hundreds of exposures 
during the course of one night’s operations, and there is scarcely any need 
to comment on the difficulties that would be engendered by the use of glass 
plates under such circumstances. On the other hand, large (juantities of 
film, of sufficient width to more than cover the full lunar irnagt^, also poses 
problems, particularly in the processing stage, for such work reciuires the 
use of largo and expensive apparatus which is not availal)le at the Pic-dn- 
Midi Observatory. Fortunately this problem was solved when our colleagues 
at the Aeronautical Chart and Information Center of the! IT.S.A.F. volun- 
teered to process the lunar film in their laboratories in >St. l...(>uiH. 

So much, then, for the processing of the film. The ])roblem which con- 
fronted us then was to find a camera which could be suitably convt'rted to 
astronomical use, which could contain many feet of film in one loading, and 
which would have a focal-plane shutter of sufficient dimensions to more*! than 
cover the full lunar disk. 

From several cameras which were suggested, the K-22 Aero Camera came 
nearest to our specifications (Fig. 6). This camera was (lesigne-.d for a<^rial 
mapping and employs a 9 x 9-in. square format, and possesses rcnnovable 
film magazines with capacities up to 390-ft of 9*5-in. film (smaller standard 
180-ft rolls of film are more frequently used so as to reduce the w(^ight on 
the telescope). The K-22 camera has two interchangeable focal-plane 
shutters, one for high speeds of the order of 1/600 sec, the other for s])ecds 
as low as 1/150 of a sec. The duration of these exposures is far too short for a 
telescope possessing a focal ratio of 30; in addition, we must not overlook 
the effects of the Chanee-Pilkington OY2 filter which further reduces 
the light intensity in the plane of the emulsion. Neither must we forget the 
film characteristics and sacrifice fine-grain image structure to emulsion speed. 
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In view of all these factors the focal-plane shutters were modified and 
the speeds can now be varied at will from 0-1 sec up to 6 sec. A specially 
constructed electrical intervalometer ” determines the exposure durations 
and this is found to be very reliable in operation. 



Fig. 6 . The K-22 photographic camera mounted at the prime focuH of the 24 in, re- 
fractor at Pic-du-Midi. 

Since its inception in the autumn of 1960 the K-22 camera has already 
provided several thousands of lunar photographs under widely varied phase 
angles, the examples of which can be seen on the accompanying Figs. 7-10. 
Although Manchester astronomers are frequently testing new types of film 
emulsions in order to achieve optimum results, the film which has been used 
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mostly is Eastman-Kodak Pliis-X emulsion. This has a useful A.S.A. rating 
of 80, fine-grain characteristics, and possesses a topographical or low shrink- 
age base which makes it very suitable for all work involving accurate measure- 
ments. The Phis-X emulsion characteristic curve is remarkably linear, and 
there is sufficient latitude to accommodate a fair proportion of the various, 
lighting intensities which prevail upon the lunar surface; but it has been 
our practice to vary the exposure durations so as to procure complete cover- 
age of the extreme lighting intensities. This, in our opinion, is a practical 
solution to a problem that would otherwise invoke especially shaped shutter 
curtains, although later in this paper other techniques will be considered in 
this connection. 


Pig. 7. A photograph of the Moon a.ge 15 days, taken with the K>22 camera in the 

Xiriine focus of the 24 in. 
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If a lunar negative is to be used for accurate hypsometric work it is 
essential to know the exact date and time at which it was exposed at the 
telescope. To facilitate this, a small optical projector was constructed and 
fitted to the camera in such a way as to allow an image of a watch to fall in 
one corner of the format. The watch has a small white plastic disk in the 
middle of the face on which the date is written, and this too is imprinted on 
the film when the exposure is made. 



Fig. 8. A i:>hotograph of the Moon, age 21 days, taken with the K-22 (‘anu^’a, in tlie 
prime focus of the 24-in. refractor at Pic-du-Midi. 


When the camera magazine is removed from the guides which hold it 
to the back of the camera it can then be replaced by a ground-glass focusing 
screen which has an eyepiece fitted to the centre of it. In the centre of the 
screen a small area of the glass is clear and this allows the o!)server to focus 
the eyepiece on to a small cross ruled on the front surface of the glass. Since 
the front surface of the glass occupies the exact plane of the film emulsion, 
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Fig. 10. Enlarged portion of a photograph of the Mare Imbrium region showing the craters Timoeharis, Pytheas, Euler as well as 
narrow serpentine valleys east of Harbinger Mountains. This photograph can be regarded as a sample of the best results obtainable 
from Pic-du-Midi with the existing equipment ; The smallest details measurable on the negatives are aiiproximately 700 m in size. 
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it is necessary only to rack the complete camera hack and forth on its mount- 
ing until the image of the lunar limb is seen at its maximum definition. The 
camera is locked in this position and the E.A. and Declination of the tele- 
scope are adjusted until the whole lunar image falls centrally within the area 
of the focusing screen. The magazine is replaced and the work can then 
begin. Another interchangeable attachment allows the well-known Foucault 
knife-edge arrangement to be employed for the same purpose. 

The guiding of the 60- cm refractor is controlled by another refractor of 
20 cm diameter mounted above it, and with the same instrument, the 



Pjg. 11(a). Diroct }:)liotogra|)h of tlio Moon tak(^n with the K-22 c-aniot'a at Pic-clu-Midi 

on 5 October 1900. 


observer examines the images for the eifects of atmospheric turbulence and 
presses his manual camera control when he judges the images to be good. 
After a night’s work a few of the frames arc cut from the roll of negatives 
and these are processed at the Observatory to provide a check on the work 
and to monitor the quality of the negatives. The remainder is dispatched to 
St. Louis for processing with minimum delay. 

Using the Eastman-Kodak Plus-X emulsion with the apparatus described 
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above, not forgetting the OY2 filter, we have found that good lunar negatives 
were obtained with the following exposures: 

Age of Moon Phase Exposure Dimition 

(days) (seconds) 


3-5 and 24*5 

Crescent 

0-50 

7 -0 and 21-0 

Dichotomy 

0-25 

14 

Full 

0-10 


Acceptable full-Moon negatives were exj)osed with a shutter speed of 1/25 sec. 

Lunar photography with the aid of a camera imaging the entire face 
of the Moon on each frame gives rise to certain special problems. Consider, 



Fig. 11(6). A fluoro-dodged version of a direct lunar photograph reproduced on 

Fig. 11(a). 
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for instance, that of the optiinnm exposure time>s. It goes without saying 
that each part of the illuminated surface would call for its own appropriate 
length of the exposure; and whenever the latter is adjusted to the degree 
of illumination prevailing on the terminator (where the shadows cast hy the 
lunar mountains are longest — a condition essential for successful hypsometric 
work) the major part of each image is hound to he overexposed. 


PTci. 12(a). Direct photogiuph (mirror iiTUig(^) oftlu^ Moon taktm with the K”22 camera 

at Pic-du-Mi(li. 


How to extract the maximum amount of information from ()ver-ex])osed 
parts of the negatives? In an effort to do so, we have experimented So far 
with two different techniques for photometric rectiff cation One is 
purely photographic and consists of cox)ying our negatives hy '' fluoro- 
dodging ” (a process based on the Hcrschcl effect of inita-red light in (|uench- 
ing the fluorescence of an auxiliary screen illuminated by a UV lamp through 
the original negative [1]); and the other consists of a transcription of the 
original negative by means of an electron scanning beam. 
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In order to see the results, compare a direct K-22 negative as seen on 
Fig. 1.1a — one of several hundred we took in the past few months—with its 
fluoro-dodged copy (Fig. 116): the gain in information obtained by this 
process along the bright limb as well as the terminator region is evident at 
a glance. In fact, one of the defects of conventional ;photograx)h.y in exhibiting 
the “ hilse age ” of the Moon can thus be neatly rectified. These pairs of 
photographs were kindly ])repared for us by Father Francis J. Heyden, S.J., 


Fjo. 12(6). Eloctronic! transcription of tho photograph shown on Fig. 12(r/) at IhM.I. 
Laboratories in Middlesex, England. (By virtui^ of the nndhod of t ranseript ion, a mirror 
imago of tlw Moon is shown.) 

Director of the Georgetown College Observatory; while the pair of photo- 
graphs on Figs. 12(a) and 12(6) show the results of an (dectronic transcription 
of our negative at the E.M.I. Research Laboratories in England. Preliminary 
expeiiments carried out so far in both these directions r(‘V("al that both 
methods are potentially of great usefulness. 

The principal aim of our whole programme so far has been to provide new 
basic information on topographic features of the lunar surface- — partly for 
purposes of selenologic and stratigraphic analysis, and partly to serve as a 
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basis for the construction of new charts of the lunar surface, on the scale of 
1 :1 000 000 which are being prepared by the Aeronautical Chart and Informa- 
tion Centre of the United States Air Force. The actual methods of reduction 
of our topographic data have already been described elsewhere [2] and need 
not be repeated here. Suffice it to mention that our photographic material 
should be sufficient for a determination of lunar positions within errors of 


Fig. 13. A model of the new 43 in. reflector of 30 in C'assegrain fociil distaiuns designed 
l)y Dr Joan wluch is being bxiilt for the Ohservtitoire du Pic -du -Midi for high- 

resoliition lunar and planetary worlv. 

the order of 1' in selenographic latitude or longitude (i.e. rather less than 
1 km on the actual lunar surface) ; while the relative heights of lunar moun- 
tains can be determined from the length of the shadows cast on the surround- 
ing landscape within ±10 in near the centre of the a})})arent lunar disk. 

Limitations of space render it impossi})le to go into details of the work 
we accomplished so far in this field; and it may also be unnecessary to do 
so, as our main efforts at present are being spent in making all past work 
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obsolete as rapidly as we can. In the past two-and-a-half years wc have 
taken close to 20 000 new lunar photographs, many of which compare 
favourably with the best previous work. In the next twelve months we 
hope, again in collaboration with the U.S. Air Force and Dr. Rosch, to erect 
on the Pic a considerably larger instrument — ^namely, a 43-in. reflector of 
30 m focal length, to commence its own tour of duty in the service of lunar 
photography (for its design, cf. the accompanying Pig. 13). When this 
happens, most of our present work will have to be done over again — and 
better. 

The next logical step in improvement of the quality and resolving power 
of the lunar photographs should be accomplished by lifting a telescope of 
comparable optical power to an altitude of 70 000-100 000 ft above some 
99% of the atmospheric air masses — a feat not at all impossible by moans of 
the existing balloons — ^to defeat both the air turbulence and clouds. More- 
over, as we all know, the day is not distant when artificial satellites launched 
by human hand will orbit the Moon to relay to us (by television) the pictures 
of the lunar landscape viewed from much closer vantage i)oints than any 
terrestrial base, and affording a correspondingly greater resolution. Ulti- 
mately, the quality of the Ixmar maps based on such observations will be 
tested by the first interplanetary travellers actually landing on the Moon’s 
surface ; but this should also mark the beginning of an entirely new story of 
lunar exploration than the one with which our ground-based astronomers 
have so far been concerned. 


Rbfibbncbs 
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TELEVISION ASTRONOMICAL OBSERVATIONS AT THE 
PULKOVO OBSERVATORY 


K. r. KUPliEVIOH 

Pulkovo Observatory^ Leniugrad, U.S.8.E. 

In recent years we witnessed in science and technology a wide application 
of the methods of television in intensifying the brightness of faint images. 
The increase in brightness of the image makes it, in turn, possible to shorten 
considerably the time of exposure. In astronomical observations using 
photographic techniques this proves to bo veiy important, since it enables 
us to lessen the adverse effects of the atmospheric disturbance and thereby 
to bring the resolving power of the telescope closer to its theoretical value. 
Besides, in the television system the image is converted into a series of 
electrical signals, one following the other with very high speed. This makes 
it possible to perform any kind of a manipulation with the video signals — 
for example, to add them, to subtract them, etc., and to examine the results 
in the form of an image on the screen of the kinescope. On it, it is possible 
to view at the same time several images of simultaneous phenomena 
occurring at different points in space. This characteristic of the television 
system distinguishes it from other methods and possibilities for electron 
amplification of the brightness of images used in practice. 

In 1958 at the Pulkovo observatory we oonstmeted an experimental tele- 
vision telescope for astronomical observations. In the telescope, the aperture 
of which is 285 mm, wo used the oj)tical reflecting system of Cassogi’ain, 
which permits to obtain equivalent focal distances of 0*5, 18‘0, 32-0, 56'() 
and 125 m [1]. 

The telescope is mounted on a parallactic stand, and its view with the 
television camera is shown on Pig, 1. In the camera of simplified construc- 
tion is fastened the focusing system with a ciunera tube of the typo “Ruper- 
orthicon’’. The focusing of the teloscox)e is accomi)lishcd by moving the 
secondary mirror, with the aid of a screw. 

The television camera is connected with units of the apparatus, located 
elsewhere, by the use of connecting cables. In the ax>paratuH we use the 
standard 025-linc scanning, line-by-line or interlaced, 50 and 25 frames per 
second respectively. The l)and of the video frccpiency i^assed through the 
am])lifiers without distortion is of the order of 11 Mc/sec. The general 
appearance of the television aj)paratus xxsed in the astronomical observations 
is shown in Pig. 2. The power sxipixly for the equix)ment is provided by 
voltage stabilizers and rectifiers 1. The control of the system of the trans- 
mitting tube is concentrated in xxnit 2. The generators of the scanning by 
lines are located in xinit 3 and the generators of the frame frecpxenoy in 
unit 4. The monitor is 5. In photograjxhing the imago from the screen of 
the kinescope one uses electronic synchronous shutter 6, which gives a 
precisely timed exposure of 1/25 or 1 /50 sec. In order to doorcase the oxxtside 
illumination of the screen of the kinescope we use the cone screen 7, at 
the end of which the photograx>hic camera 8 is fixed. 
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The television telescope is used for taking experimental photographs of 
the Moon from the screen of the kinescope. When this is done, one uses 
a focal distance of 9*5, 18, and 32 m with corresponding relative openings of 
the optical system of 1:33*3, 1:63 and 1:112. As an illustratioii, Fig. 3 
reproduces a photograph of the Moon from the screen of the kinescope 



A view of the experimental television teloscuipe. 


obtained with an exposure of 1/50 sec. The optical focus of the telescope 
was 9*5 m. Figure 4 shows a television photograph of another part of the 
lunar surface, but with the focal length of the telescope being 18 m. In both 
cases the kinescope screen was photographed with a camera using a //3*5 
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objective and a 35-mm moving-picture film with a sensitivity of 90 units 
according to the Government Standard. 

In the published literature one encounters suggestions about the possi- 
bility of automatic photography of stellar images (and also of the planets) 
tmdistorted by atmospheric turbulence. For this purpose the impulses of the 
photocurrent of the multiplier, due to the scintillation of the star image, 
are used for operating the shutter. The latter, which has a speed of 1/100 
sec, is placed in front of the plate on which the photograph of the celestial 
object is being taken. It is assumed that the impulses in brightness of the 
star image and, consequently, in the photocurrent of the photomultiplier, 
are caused by the formation of the theoretical diffraction image in the focus 
of the telescope. This should correspond to an instantaneous absence of 
atmospheric interferences, and momentary attainment of the theoretical 
resolving })ower of the astronomical telescope yielding the maximum 
sharpness of the photographed images. 



2. ''Phc’i O’iloviHion iipparatas used in the asl-ronc)ini(;al observations. 


In order to study the changes in form of the stellar image resulting from 
atmospheric disturbances, instantaneous photographs of these images on a 
sufficiently large scale prove to be interesting. However, for the solution 
of this problem it is necessary to use small focal ratios of the telescope, of 
the order of l/3()() or 1/400. this, however, leads to a diminution of bright- 
ness of the stellar image which does not ])ermit the obtaining of negatives 
with normal density with an ex})osure of 1/25 or 1 /50 of a second. This ])rob- 
lem is easy to solve by the television method combined with the usual photo- 
gra])hic method. 

For studies of the deformation of star images at large magnification with 
the television telescope one uses the equivalent Cassegrain focus of 56 or 
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Fig. 3. Photograph of the surface of the Moon on the screen of the kinescopt^. tkxuil 

length: 18 m. 



Fig. 4. Photograph of the surface of the Moon on the screen of the kinos(x>pt\ Fo<‘.al 

length: 9-5 m. 
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125 m. Ill the latter case the image of the star on the screen of the kinescope 
is about 15 min in diameter and corresponds to an image which would be 
observed by an optical teIesco]ie with focal length of 1062 ni. This figure is 
arrived at by the enlargement of the image from the optical focus of 125 m 
due to its sulisequent transmission through the television system by a factor 
of about S.5. 

Tigiire 5 shows some separate frames (negative nos. 35, 36, 37, and 38) 
obtained on the screen of the kinesco])e with an ex})osure oT 1/50 sec of the 



Fig. r>. Imago of the star a Tauri ]>hotogmpho(l on the siavon of tlio kinescope. Focus 
of the optical teloscope li25iu. Exposure 1/50 sec. 

bright star ot Tauri, at zenith distance z = 40'k The interval of time between 
the se])arate frames was on the average from 10 to 20 sec. The 0 }>tical focus 
of the telescope was 125 m. One should note that the diameter of the image 
of the star (frame 38) proved to lie larger than the theoretical by a factor of 
2-0. These frames fix the instantaneous formation of the com]) lex structure 
of the image of ii star. I^arge deformations and s])ots apfiear on the image of 
the star. The dimensions of the s])ots are less than th.(‘ theoretical diameter 
of the first maximum in the dittraction image formed by the telesco])e (for 
exam])le, frames 36 and 35). This can be c>x])lained by the ])ossible break-u]) 
of the difiVaction image as a result of the atmospheric turbulence. 

The next stage of research in this field was an attempt to rec‘,ord simul- 
taneously the form of the image and the light liux of the scintillating star. 
One should note, howevei*, that atteni])ts to solve this ])rol)lem by tlie usual 
oxitical metliods met with, no success, siiioc^ oiu^ cannot simultaneously 
produce on th.e photogra])hic phite both the image of thc^ curve of the photo- 
current from the screen of the ()scillogra])h and the image of the star* itself. 
However, by using modern electronic5 teehniijues it becomes possililo not 
only to increase the brightness of the image, but also to olitain simultaneously 
on one screen two images regardless of their mutual ])()sitions, distance or 
even brightness. 

Starting with those considerations in 1959 and 1960 the television tele- 
scope was adapted for simultaneous recording of tlu"* light flux as well as of 
the form of the stellar image during scintillation. For the observation we used 
the 56-m focus of the telcsco])e and the tekwision a])paratus as briefly 
described above. A commercial television set of the ty})e l.^TU-3, ^vorking 
also with a camera tube of the ty|)e “ Suj)erorthicon ” was used for trans- 
mission of the curve of the })hotocuiTent from thc^ scu'een of the electron 
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oscillograph. Figure 6 shows a block-diagram of the whole equipment. The 
image of the star formed by the telescope 1 falls on the aluminum semi- 
transparent mirror 2. Fifty per cent of light is passed through the mirror 
and forms an image on the photocathode of the first Superorthicon 3 
(basic channel of the television unit). The other 60 per cent of the light is 
reflected from the mirror and falls on the photocathode of the photo- 
multiplier 6. The spectral characteristics of the photocathodes of the 
“ Superorthicon ” and the photomultiplier are approximately identical. 



Fiq. 6. Block diagram of the television unit for simultaneous rcMsording of the light 
flux (photocurrent) and the form of the image of the star during its ncintillation. 

The maximum sensitivity proves to be in the region of 4500 to 5000 A. The 
input currents from the photomultiplier pass to the amplifier of the I)(l S. 
The input signals after passing the amplifier pass on to tlie electron oscillo- 
graph 9 (on to the plates of the vertical deflection of the electron beam). The 
oscillograph is provided with a generator of continuous scanning 10, whi<jh 
works in the system of synchronization with the frequency of the frames of 
the television system, i.e. 25 or 50 periods per second. Tho photomulti])Iier 
has a voltage supply from the stabilization unit 7, and the electron oscillo- 
graph from the unit 1 1 . The image of the oscillogram of tho ])hotocuiTent 
from the screen of the oscillograph is projected by the lens 20 on to the 
photocathode of the second “ Superorthicon ’’ 3, installed in the camera of a 
commercial television set. The two television channels are synchronized 
with each other. The units 5 and 21 ensure separate control of the mode of 
working of the camera tubes. During experiments in the television system 
one uses interlaced or line-by-line scanning. In order to obtain an interlaced 
raster of 26 frames per sec. one uses a synchronous generator 14 for 025 lines. 
The output video signals of the amplifiers 12 and 13 pass into the unit of 
electron commutation of signals 15. With the aid of this unit the images 
from the two television channels are viewed simultaneously on the screen 
of the kinescope 17. In this case the image of the basic channel (distorted 
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star image) occupies the upper half of the kinescope screen. The lower part, 
however, reproduces the image of the oscillogram of the photocurrents given 
by the photomultiplier. The image from the screen of the kinescope is 
])hotographed by the camera 22. Tor precise timing of the exposures of 
1/25 or 1/50 sec, we used an electron synchronous generator (synchronous 
slmtter) in the circuit. The units 16 and 18 serve as a supplementary amplifier 
and ])ower source for the kinescope. The unit of scanning of the kinescope 
is 19. 

Figure 7 shows photographs from the screen of the kinescope obtained 
by the method described, with an exposure of 1 /25 sec by interlaced scanning. 
These are test photograj)hs made on 3 May 1960 at Pulkovo, of the star 
a Bootis. The o])tical focus was 56 m. The interval of time between the 
se})arate frames was of the order of 10 to 15 sec. In the upper part of each 
frame we see the distorted images of the star, averaged for the time intervals 
of the order of 1/25 sec. 



F\a . 7. Pholograph of simultaneous television recording of the light flux (photocurrent) 
and the form of the imago of tlie star a Bootis during its scintillation. Optical focus of 

the telescope 56 in. 


In the lower part of the frame we see the changes in the photocurrents 
in the same form as they were observed on the screen of the oscillograph. 
In the course of the experiments, the scale of the scanning (the magnitude 
of the horiTiontal amplification) sometimes changed in the oscillograph; and, 
as a result, the curves of the photocurrents in some frames are not always 
identical in length^ — although the time of the scanning was always 1/25 sec. 
The photocurrent curves were reproduced on the central part of the screen 
of the oscillograph. The scanning of the oscillograph and the television 
system was sufficiently linear. Therefore, the geometrical distortions in the 
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curve of the photocurrent were small, as can be verified from the squares of 
the coordinate lattice. 

The scale of the voltages of the vertical deflection on the screen of the 
oscillograph corresponds to 18 V per cm, and is equal to the distance between 
the lines in the coordinate lattice. The horizontal line corresponds to a 
signal of 36 V. The zero value of the voltage of the signal on the frame is not 
shown on account of the lack of space. 

Distinct from the television image of the star, which is averaged in time 
during 1/25 sec on the screen of the kinescope, the photocurrent of the 
photomultiplier is registered continuously during this time by thci osci 1 lt)gra])h. 
With the use of a photoelectric device, with a frequency-band higher than 
1000 cps, the screen of the oscillograph can record impulses in the photo- 
current, the duration of which is less than 0*001 sec (see frame 10, Fig. 7). 

In examining the photographs obtained from the screen of thc^ kinescope 
with an exposure of 1/25 sec, one can note that there exists no correlation 
between the photocurrent (and consequently, the light flux) and the form of 
the image of the star. From an examination of the frames 1 and 2 one sees 
that the photocurrent curves differ from each other very little. Th(‘ form of 
the image of the star, however, is different. A comparison of the frames 2 
and 12 reveals almost identical structure of the forms of the imagers although 
they are turned 180° with respect to each other. The form of the ]>hoto- 
currents is, however, different. The same is true of the images recorded on 
frames 5 and 6. 

On the basis of experimental observations of distortions of stellar images 
with a television telescope the following preliminary conclusions can be 
drawn: 

1. For speeds of the order of 1/26 and 1/50 sec no n()ticoal>le connection 
between the form of the image and the light flux of the star during its 
scintillation was detected. 

2. It appears, therefore, unlikely that one could design an automatic 
instrument in which a high-speed shutter controlled by the ]>hotocurrout 
resulting from the scintillation of the star (1/25 or 1 /50 see) is used for separat- 
ing high-quality images (of a star or planet) that arc's not distortc^d by at- 
mospheric turbulences. 

3. Eapid deformations in the diffraction imago of the star may be the 
cause of the formation of rapid (of the order of O-Ol sec or less) (change's in 
the intensity of the photocurrent. This, in turn, causes the ojx^ration of the 
high-speed shutter and the recording of distorted images of the star or ■|)lanet. 

Kbfbrbncbs 
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PHYSICAL NATURE OF DIFFERENT ZONES OF THE 
LUNAR SURFACE 


A. V. MARKOV 

P'ldkovo Observatory^ Leningrad, U.S.S.B. 

At the present time a sufficiently objective analysis of the data on the nature of 
the lunar surface collected by Soviet as well as foreign astronomers [1] has 
been nuwle. Therefore, it is timely to examine critically the question of the 
natxire of the upper layer of the lunar crust, since it is specially important 
for the astronaut to know its structure to a depth of from 2 to 5 m. 

Information about this can be gathered from data on the lunar topo- 
graphy as a whole, and also from the results of the study of the lunar surface 
layer by photometric, spectrocolorimetric, polarimetric, and thermoelectric 
methods, as well as from the study of the temperature and structure of the 
U])])er layer of the Moon by radio -astronomical observations. 

In attempting to solve the problem of the structure of the lunar surface 
layer, it is nocessaiy to proceed from the formation of the Moon in the past 
as a c(*lestial body. In a direct examination of the problem of the structure of 
the lunar surface layer one should note that the conclusions should be made 
with care. On one liand, the j)hysical characteristics of the surface layer 
from observations are not very precise; and, on the other hand, the area of 
the regions examined is small as compared to the whole surface of the Moon. 
It seems to us that it is j)recisely because of these facts that there exist such 
div(*rgcncies in the intcr])retation of the nature of the lunar surface. 

Supporters of the volcanic origin of the lunar topography — ^Khabakov [1] 
and Kremlin [2], for exami)lc — ^referring to the presence on the Moon of 
Hhar])ly cut mountain ranges, and also regions with abimdant cracks with 
steep sides, consider it possible (by a number of photometric and thenno- 
clectric observations) to establish a basis for the reality of the existence on 
s(^])arat<’! regions of the Moon of outcropping solid rock material. One should 
add that there is some argument in favour of this view, for the floors of ray 
erat(U’S, in the observations published by Sinton [3] on the crater Copernicus 
as well as in his r(^i)oit to this symposium on the crater Tycho. 

How(wer, in the nrajority of cases, the conclusions concerning the nature 
of the lunar sxirface layer are based on the comparison of average character- 
isti(5s of large areas of the surface of the Moon, up to some tons of kilometers 
in diameter, with the same characteristics of small specimens of terrestrial 
rocks measurcsd in laboratories. More important, it seems to us is the con- 
clusion drawn from ])hotomctrio investigations that, in contrast to the 
Earth, there are no areas on the lunar surface with reflecting capacity higher 
than 0*22. Another assumi)tion about the existence on the surface of the 
Moon of layers of dust to a dex)th of hundreds of meters is expressed in a 
hjpothesis by Gold [4]. Even a simple geomorphological study of the 
structure of the mountain ranges of the Moon and those parts of the lunar 
“ maria ” and craters which abound in cracks (zones of the Triesnecker and 
Ariadeus cracks, the floor of the ring mountain Alphonsus, etc., as well as 
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tlie straight wall near the crater Birt) suggests that, in these regions, a deep 
layer of dust cannot exist because the faults and cracks with steep sides 
would have been submerged by it. It should be noted that in the last 
publication of J. J. Gilvarry [6] in which he defends Gold’s views one can 
jSnd hardly any arguments for the existence of “ basins ” of lunar dust of 
some tens of meters in depth. Evidence against such conclusions is furnished 
by the results of Soviet radio observations of lunar eclipses, whicli give the 
thickness of the dust layer to be not more than 30 cm . 

The concept of Firsoff [6], that the lunar puinioo (which must have been 
formed by the endogenous process at the time of the violent outllow of gases 
from the hot magma during the hardening of the ciust) is more porous than 
the terrestrial pumice deserves notice. By the same principles, according to 
Firsoff, it should be less dense than the terrestrial. Firsoff affirms, for 
example, that monolithic rocl?B of the type of terrestrial granites and biisalts 
could not have been formed on the lunar surface. He stresses also the need for 
repetition of measurements of the heat conductivity of terrestrial ])()wders 
(earlier done by Smolukhovsky), but only in a vacuum close to that on the 
Moon, since he considers that the measurements of the heat conductivity 
of powders under terrestrial conditions lead to values which arc** not com- 
parable with those on the Moon. 

The photometric peculiarities of the reflection of light from the lunar sur- 
face layer (called in Soviet literature the Barabashov-Markov effect [7]) showed 
that, with all different assumptions as to the law of reflection of liglxt by the 
lunar surface, not less than 70% of its elements should form a very large 
angle with the horizontal plane, and not more than 30% of it is j)or])(uuIicular 
to the vertical. This constitutes evidence for the extremely i)roken-up 
character of all the regions of lunar crust. The low albedo of hinar details 
made it possible for astronomers of the Leningrad University to assume a 
meteor-slag hypothesis for the structure of the lunar sutface laycT, based on 
the constant infall of meteors on the surface of the Moon, leveling its original 
characteristics over the whole lunar sphere to a surface layer some millimeters 
thick. For the measurements of such fine unevcimess in the lunar surface 
layer it is essential to make use of the methods of radio-astronomy and 
temperature studies of the Moon, and also the ])olarizati<)n nu^asurements 
of different regions of the Imtiar surface. 

Temperature measurements of the Moon, conducted earlier in America, 
have begun at Pulkovo [8]. Such measurements of differcuit areas of the 
lunar surface (see Fig. 1) have now been completed by Chistyakov. One 
should note that the results of the measurements of the tempcratur(»s on the 
lunar sphere for phase angles from 17° .to CO® fidly agree with the data 
obtained by Pettit and Sinton for the phase angles from O'’ to 57" (see Fig. 2). 
However, although these measurements of temperature on a wave Icmgth of 
8/x and polarization measurements (see special rej)ort. by Kohan) on the 
wave length 0-5/t were made for areas with cross-sections ranging from 6 to 
120 km, the total area of zones thus studied by the two methods adds up to 
hardly more than 6% of the fraction of the lunar surface visible to us. There- 
fore, if the existence of the Barabashev-Markov effect (i.c. of the very roxigh 
structure of the whole lunar surface) is confirmed also by the investigations 
of the phase-ourveofthe Moon (Zoellner, Fessenkov), then — striotlyspeaking — 
the estimates of the absolute, dimensions of the roughness by measurement 
of the temperature and polarization make it possible to semtinize only 



29. PHYSICAL KATURE OF LTJNAR SURFACE 373 , 

5% of the area of the lunar surface, without any assurance that on the 
remaining areas of the Moon one may not discover effects similar to those 
which are characteristic of solid rocks on the Earth. The same can also be 
said about the results of polarization measures of the Moon, which are not at 
all similar to those for the fusion crust of meteorites and solid Earth rocks. 

However, the value of the degree of negative polarization of details of 
the Moon, as measured by Kohan at Pulkovo, diffei's little from estimates of 
the absolute dimensions of the roughness for terrestrial powderlike materials 



Fig. 1. So]>arHto partw of ilio luna,r Kin'faco tlui U'lniporaturo of which has boon inoasurod. 

Qj Ohistyakov, Abastixina.Ta nlloctor 
□ Pot-tit 

I Cliistyakov, M(>.s(a,>w rcfloctor 


according to the meas\ireincnts by Dollfus. The existing mcastirements, 
which are not numerous, but reliable, made by Dollfus in Trance and 
Kohan at Pulkovo (among them, measurements of granular minerals, 
powders and sands of various degrees of fineness), have indicated u}) to now 
that the outermost layer of the Moon is made of fine grains. However, the 
investigations conducted hy Kohan in the U.S.S.R. on the rotation of the 
plane of polarization for thirty- five details of the Moon near full Moon— both 
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Fig. 2. Temperature distribution over the Moon at different phases 
Curves; 

1 by Pettit a =. 0“ 4 by Sinton a = -57° 

2 by ChistyaJsov a = +17® Abastumani 6 by Chistyakov a = —50° Moscow 

3 by Chistyakov a = +64° Abastumani 6 by Chistyakov a == —00° Moscow 
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Fig. 3. Floor of Ptolemaeus. Measurements as a function of the phase 
Curve I Brightness B 

Curve n Position angle of plane of polarization y° 

Curve in Degree of polarization JD (%) 
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in the centre and at the limb of the visible hemisphere — showed a new, 
imcxpected, and very important peculiarity of the lunar surface. In analyzing, 
for example, the results of the study of the rotation of the plane of polariza- 
tion for the floor of the crater Ptolemaeus (Fig. 3), the Mare Crisium, and the 
Sinus Iridum we noticed a gradual r'otation of this plane. With the phase 
angle varying from —100° to —40°, the plane of polarization of the light 
reflected by all areas of the Moon remains perpendicular to the equator of 
intensity. When the phase angle approaches a = —23°, and the degree of 
polarization (which before had a positive sign) passes through zero, the plane 
of the polarization, rapidly turns around clockwise and forms an angle of 
the or(ier of 80° with the equator of intensity ot = —23°. With further 
decrease of the angle of intensity to —10°, when the degree of polarization 
of the light reflected by the Moon reaches a maximum negative, the clockwise 
rotation of the })lane of polatization to 90° ceases at the maximum value of 
its rotation in this direction. With a further decrease of the value of the 
phase angle within the limits — 10° < a < —2° the rotation of the plane 
of polarization suddenly reverts to counterclockwise, and moves so rapidly 
that at —2° < a < +2° (when the degree of polarization again becomes 
zero) the prevailing fluctuations of the electrical vector of the light reflected 
by the Moon again become (just as in the case of a < —40°) perpendicular 
to the ]>lane of the equator of intensity. With further increase in the phase 
angle (within the limits of -1-2° < a < -f- 10°) the counterclockwise rotation 
of the angle of polarization continues rapidly. Between the phase angles 
±10° < a < +10° the plane of polarization rotates through 180°. 

With the value a = + 10°, when the degree of polarization again becomes 
maxinmm negative (^ — 1°5), the counterclockwise rotation of the plane 
of ])olarizati()n stops when the fluctuations of the electrical vector of the 
ref l('(}te(l 1 ight again occur in tlie piano of the equator of intensity. Afterwards 
withfurther increase in the phase angle within the limits +10° < oc < +40°, 
the plane rapidly turns clockwise again, and at a = +40° coincides with the 
eejuator of intensity. After this, up to the time of the sunset (both in the 
centres and on the limb of the lunar disk), the position of the plane of the 
l)rovailing fluctuations remains the same, but the magnitude of the positive 
polarization increases. 

A similar comparison of the rotation of the plane of polarization with 
the dc^gi’ee of polarization on one hand, and with the course of the change of 
the brightness of the details on the other ([1] page 5, 169) is being made for 
the first tim(^ at J?ulkovo. It is interesting to note, in this connection, that 
th<^ beginning and the end of the rapid rotation of the plane of polarization 
at the phases —40° and +40° occur when the brightness of the detail is 
about half of its maximum brightness at full Moon, and the degree of polariza- 
tion at the ])hases near to the full Moon passes through zero. The following 
fact is also v(Ty im])ortant and requires explanation : at the moment of full 
Moon, when there arc no shadows on the Moon, and the sunlight penetrates 
into the deepest cracks, (1) the degree of polarization (for the second time in a 
lunation) becomes zero, (2) the plane of polarization rotates counterclockwise 
most rax)idly and (3) the brightness of any detail, whether found in the 
centre or at the limb of the lunar disk, reaches maximum [9]. Further 
amilysis should clear up the cause of the coincidence mentioned in the course 
of i)olarization variations and brightness of lunar formations. As yet it 
should be noted that the coincidence of a rapid rotation of the plane of 
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polarization with the moment of illumination by the Sun of all tlxo 
depressions of the lunar surface is very important. 

Tor the limb of the lunar disk, this illumination occurs at largo angles 
between the direction of the incident sunlight and the vertical to the lunar 
surface; but at the centre of the Moon this illumination strikes the lunar 
surface vertically. One is, therefore, led to the conclusion that such pheno- 
mena can only occur with a porous, spongy microstructure type of surface 
layer — ^like the terrestrial pumice — and only with the directions of the 
outlets of these pores at all possible angles to the vertical. Therefore it may 
be necessary to reconsider the earlier conclusions [1] concerning a close 
agreement of the distribution of the negative polarization for the Moon and 
for the terrestrial powders, along the lines of analysis already initiated by 
van Diggelen [10]. 

The hypothesis proposed by the author, postulating depressions every- 
where on the lunar surface, and the existence of a layer of dust not only on 
the floor but also on the walls (inclined at any angle to the vertical), is 
capable of harmonizing the Pulkovo polarization observations with the 
earlier conclusions of Dollfus regarding the increase of negative polarization 
with the pulverization of the powders. If, however, the existence of dust on 
steep walls of such depressions cannot be proved, one has to consider again 
the explanation proposed by Ohman [11] that the polarization of moonlight 
is caused by numerous reflections of light inside lunar pores. The Pulkovo 
polarization measurements should provide additional material for the veri- 
fication of 0hman*s hypothesis. 

It is interesting also to note that analysis of all measurements of thermal 
radiation of the Moon and the heat conductivity of the outer layers of the 
lunar crust made with thermoelements and their comparison with the heat 
conductivity of Earth’s powders in a vacuum of 6 x 10-^ (Smolukhovsky) 
has until recently been interpreted to mean that the outer part of tht^ crust 
can consist to the depth of about 16 mm of layers of grains with dimensions 
of the order of a millimetre and less. However, it is necessary to note that 
now, besides increasing the number of areas of the Moon with tui^asured 
polarization and temperature characteristics, laboratoiy measurements of a 
great number of specimens of terrestrial rocks, especially of porous jnimicc 
and slags should be made. Temperature measurements in a vacuum of the 
order of 10”^ atmosphere are desirable. 

Thermoelectric measurements of the lunar surface arc charactcrizcjd by a 
semiamplitude G of the fluctuation of its temperature in the coimo of the 
lunar month and at the time of lunar eclipses. These quantities were com- 
puted for the lunar month by the formula Fq = c( 27 rfcPc/T)i'' 2 ^ where the 
thermal conductivity k is expressed in cal cm "2 min-l and t = 4*26 . 1()4 
min. 

Table 1 shows that the lunar surface cannot consist either of granite or 
of any small-grained powders. The observations would be better satisfied, 
for example, if the lunar surface were covered by a layer of quartz-sand with 
grains of the diameter of the order of 0*3 mm. We shall bo able to determine 
whether the surface of the Moon is covered by pumice with a density of ore 
of the order of 0-6 to 0-2 only after having measured the conductivity of the 
latter in a vacuum, as, in the computations, the values of h for pumice are 
obtained from density. 

It proved more successful to use the values of these heat conductivities 
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of pumices for checking, with Wessolink ([1], page 192) the theoretical 
values of the depth X (in centimetres) of that layer at which the periodical 
fluctuations of temperature in a homogeneous lunar surface layer are damped 
out. In accordance with the theory, we should have 

X{cm) X 

^ (4ftrkTIG)il^ ^ T' 

TabijB 1. Semiamplitude C of Variation of the Surface Temperature 


Lunation, Fa = 0-017 JJcZipseJ’o = 0-08 


Object 

State 

(kpc)-i 

(2.-1!Pc/t)i/> 

0 (2w)bPc/T)i/s 

C 1 

A* Lafxyratory meamrenients 
Granite monolith 

20 

7-02xl0-‘ 

±24“ 7-2x10-8 

±11“ 

Sandt 

grain diam. 

J) s= 0*3 inni 

III 

1-03 xIOt^ 

±167” 1-2x10-8 

±64“ 

Quartz 

grain diam. 

D = 0-1 nun 

189 

7-60xl0-‘ 

±224“ 9-7x10-1 

±83“ 

]i. Ohservatioiw of the Moon 
Lunation centre of disk 
Eclipflo 1939 

Eclij^fle 1927 

120 

1-00x10-1 

±170“ 1-2x10* 

±70" 

±96“ 

±96“ 


0. Cornpumion of the effect of ffie density of the awface layer 


Mooii 

I> = 2-0 

120 

1-00x10-1 

±170“ 

1*2x10-8 

±70“ 

Pumico 

P = 0-6 

120 

1-00x10-1 

±170“ 

1-2x10-8 

±70“ 

Putnico 

I> = 0-2 

120 

1-00x10-1 

±170° 

1-2x10-8 

±70“ 


■f Ily SitiolukliovHky 

By substituting for r and k the values from the preceding table we have: 


Table 2. 


Object 

h (in cal/cin8 mln-i) 

1 (in cm) 

Depth of the damping 
louyer (in mm) 

Keal surface (Moon) : 

1-7 xlO-l 

21-6 

6-6-13-0 

Pumice p = 0*6: 

5-8 X 10-1 

40-0 

12 -0—24-0 

Pumice p = 0*2: 

1-7 xlO-* 

106-0 

29-6-69-0 

Granite p a 2*0 

6x10-8 

1210-0 

363-0-726-0 


Table 2 shows that, oven for granite, Wesselink’s formula for the depth 
of penetration of temperature variations leads to a depth of the order of 

several centimetres. . • _i. * 

Recent radar observations of the Moon turned out to be very important. 
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They showed that more than half of the radar pulse is reflected to the Earth 
from the lunar region near the centre of the disk — or, to be more exact, from 
parts of the lunar surface not more than 54 km distance from the centre. 
It is interesting to note the analogy with the reflection of radar signals from 
a terrestrial desert. Since the experiments with radar echoes from the Moon 
were carried out on 10 cm, it can be assumed that such a mirror reflection of 
these waves from the lunar surface indicates an average dimension of the 
micro-relief of not more than 5 mm in diameter. 

By generalizing what has been discussed so far we come to the following 
final conclusions about the probable structure of the lunar surface : 

1. Gold’s hypothesis about the presence on the Moon of layers of dust 
with a depth up to tens of metres is incorrect, especially in regions of the 
lunar ranges and planes with numerous cracks and faults. 

2. In the regions of lunar mountain ranges outflows onto tlie surface of 
the original rocks can exist (Fremlin), and it is very impoitant to check these 
now by all possible means. 

3. The great variations of temperature on the surface of the Moon at 
the time of eclipses and at different phases, as well as the confirmed presence 
of some kinds of volcanic action in individual regions, point to the con- 
clusion that in a number of regions of the Moon subjected to such changes 
(i.e. near its equator) small cracks with a width up to 1 m may be found. 

4. In remaining regions of the Moon, and especially tlie zones of its 
surface investigated by polarization and thermoelectric measurements, the 
negative polarization and low thermal conductivity of the surface lead \is 
to assume that the surface is covered with fine-grain matc^rial to a de}^th of 
not less than 4 cm. 

5. If the meteor-slag hypothesis is valid, then the outer layer of lunar 
rocks is harder than a powder layer. 

6. New conclusions about the structure of the upi)er layer of the lunar 
crust may be obtained from an investigation of the Moon with the aid of 
powerful telescopes by polarization, thermoelectric and rtwlio methods, 
as well as by photographing it on a large scale and corn] )i ling now lunar 
atlases. 

7. Considerable refinement of the conclusions on the stmeture of the 
upper layer of the lunar crust should come about by the use of some of these 
methods of investigation on installations operating outside of the Earth’s 
atmosphere — artificial satellites and rockets. 
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THE ROCKS THAT MAY CONSTITUTE THE LUNAR 

SURFACE 


N. P. BAEABA8HEV 

Khm'kov Astronomical Observatory, Kharkov, U.8.S.B, 

In investigating the lunar surface it is necessary to use all possible methods 
of ol>s('rvation, and draw conclusions on the basis of a simultaneous oom- 
])aris()n of the results obtained by different methods. The comparison should 
be made statistically by making use of a sufficient number of specimens of 
th(?i rocik (rf each type. The comparison should be made in accordance with 
the following characteristics and i)arameters: (a) the light or brightness 
factor; (h) the law of reflection; (c) the smoothness factor; {A) the spectral 
distribution of reflectivity; (e) the degree of polarization in dependence on 
the angle of incidence, reflection and phase in the different spectral regions ; 
(/) heat conductivity; and (g) luminescence. At the Kharkov Astronomical 
Observatory such a research has basically been completed [1]. 



Fkjitrm 1. 


Tho liiw of roflootion was stxidied with the aid of a photoelectric photo- 
meter. The results of the mciwiurcments were presented in the form of 
indices of reflection, and also hy tho dependence of the brightness on the 
angle of incidence i at i = « for tho case of the incident and reflected ray 
on tho same side of the normal (a = 0°), as well as for the case when the 
N* 37 » 
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rays lie on different sides of the normal. The factor of smoothness was 
also computed from these data. Not only different specimens of rock were 
subjected to such measurements, but also specially prepared models, namely : 
cylindrical pockets, conical and hemispherical pockets, vortical cracks with 
different ratios of depth and diameter and different degrees of poi'osity, and 
also specimens consisting of irregularly arranged sharp-edged fragments of 
broken-up tuffs with different dimensions of the grain from 0-1 mm to 10 mm, 
as well as volcanic slag and volcanic ashes. 



Fig. 2. Moon (continent) i ==» c, 

specimen no. 28 a =s 0® 

specimen no. 29 



Fig. 3. Moon (continent) i ss € 

specimen no. 28 t-fc = a 

specimen no. 29 


The indices of reflection of lunar continents and maria were determined 
from data of Fedorets* catalogue [3] . Good agreement resulted from a com- 
parison of the fragmented tuffs with grains with dimensions of 2 3, 3 4, 

and 4—6 mm. This is well illustrated by Tables 1 and 2 which are giveii below 
and by Pigs. 2 and 3. 

In the case of the broken-up volcanic slag with grain size of 2 to 3 mm, 
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the course of the dependence of the brightness on i = € at a = 0® agrees 
poorly with the corresponding data for the Moon, which is possibly due to 
some specular effects in the volcanic slag. 

Table 1 


On one side 


On different sides 


6 — « — 

Mare 

Tuff with grain 
2— 3 mm 

Mare Tuff with grain 

2— 3 mm 

0° 

1-00 

1-00 

1-00 

1-00 


0-99 

1-02 

0-75 

0-91 


0-99 

1-00 

0-67 

0-72 

30 

1-02 

0-96 

0-43 

0-56 

40 

0-99 

0-90 

0-31 

0-40 

50 

0-98 

0-91 

0*21 

0-27 

60 

0-97 

— 

0-15 

017 

70 

0-88 

— 

0-12 

0-09 


Table 2 



On one side 

On different sides 


Ooniineni 

Tuff with grain 

6 mm 

Continent 

Tuff with grain 

6 mm 

0” 

1-56 

1-56 

1-56 

1-56 

10 

1-60 

1*51 

1-27 

1-36 

20 

1-47 

1-33 

1-00 

1-03 

30 

1-40 

1-54 

0-65 

0-80 

40 

1-47 

1-56 

0-53 

0-58 

50 

1-51 

1-56 

0-35 

0-44 

60 

1-56 

1-50 

0-21 

0-28 

70 

1-62 

— 

0-12 

0-22 


The broken-up tuffs match up both for the ‘'maria** and the “continents**. 
Although volcanic ashes do not show aw good an agreement as the tuffs, they 
correspond better to the maria than to the continents. Volcanic slag matches 
better for the continents, although it does not agree in polarization and 
spcctroi)hotometTic characteristics. Fine sand and dust do not correspond 
to the “ continents ” nor to the “ maria **. From this it follows that great 
areas of the lunar surface cannot be covered by fine dust or by fused rook. 
For all the remaining rocks investigated and also for the specimens having 
a regular geometrical foim, sufficiently close correspondence with the lunar 
data was not found. 

In examining the data on the law of reflection of light, one has to conclude 
that the lunar surface corresponds best to broken-up tuff with sharp-edged 
irregularities and grains with sizes from 2 to 5 mm. 
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Spectrophotometrio measurements of 220 specimens of volcanic rock were 
made in the interval between 4000 A and 7600 A with the spectrophoto- 
meter S!F-2 m, which was put at our disposal by the Institute of Geological 
Sciences of the Academy of Sciences of the Armenian SSR. 

In plotting the data obtained on the colour-brightness diagram, it was 



Fig. 4. Lunar area 

Volcanic tuff 

— . — . — Volcanic slag 


found that into the area occupied by the lunar data (according to data of 
Sytinskaya) there fall : 

1. Volcanic slags 60% of the specimens measured 

2. Volcanic tuffs 60% „ „ „ „ 

3. Andesite-basalt lavas 17% „ „ „ „ 

4. Lava from intermediate rocks 25% „ „ „ „ 

6. Acid magmatic rocks 15% „ „ „ „ 

Values of the gradient 

AC/ 

r = 

Alg3"A550 


were determined for different types of volcanic rocks : 

Volcanic tuff 1*12 ±0-2 

Volcanic slag 1-6 ±0-4 

Felsite tuff 0*70 ± 0*2 

Tufolava 0-42 ± 0*1 

These data are in good agreement with corresponding measurements for 
the limar surface, given in [4] and [5]. 

Volcanic rocks show the same tendency as separate lunar regions: 
the colour index increases with the brightness. Besides, a comparision was 
made of the curves of the spectral reflectivity in the interval A4000 — 6200 A. 
For many specimens, and especially for tuffs and tufo-lavas, the laboratory 
data proved to be suflioiently close to that for the spectral reflectivity of 
separate areas of the lunar surface. In polarimetric measurements with the 
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aid of photoelectric equipment, the degree of x>olarizatiou was determined 
in dependence on the phase angle, the angles of incidence and reflection in 
different spectral regions and also on the state of the surface [1], 



Eia. 5, Maro Ci'isiutn 

XJucruHliod tuff 

Crushed tuff 


Some specimens of tuffs show good agreement with the lunar surface 
according to these characteristics. The following table contains the values 
of x)olarization as a function of the phase angle for one of the samples of the 
tuffs, in a solid and also crushed pulverized state. 

In this, as in other cases, the breaking up of the tuffs into grains of 2 to 
4 mm in size results in a noticeable decrease in the degree of i)olarization, 
i.e. a closer approach to the data for the lunar surface. 

Similarly, the effect on the degree of polarization and other optical 
characteristics was examined, as well as the effect of its radiation by- 
ultraviolet and X-rays. In this case the degree of polarization and brightness 
changes insignificantly. 

As a result of bombarding the specimens by beams of protons (energy 
2-1 Mev) in a vacuum the degree of polarization increased, and tho colour 
index and brightness decreased. 

Specimens wore fused in a vacuum (lO-^ mm of Hg) and under atmos- 
pheric pressure at a temperature of the order of 1200° C. Measxircments 
of the fused specimens showed that the degree of polarization increases very 
greatly, considerably exceeding that obtained for tho lunar surface. There 
is also a decrease in the value of the colour index and brightness, and the 
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intensity distribution in the spectrum is considerably more frequency- 
independent. 


Table 3 


a 

Mare. Oriaivm 

Unbroken tuff 

Crushed tuff 


P 

P 

P 





0-095 

120 


0-200 

0-096 

no 

0-109 

0-192 

0-106 

* 100 

0-109 

0-184 

0-101 

* 90 

0-106 

0-174 

0-091 

80 

0-100 

0-165 

0-088 

70 

0-083 

0-095 

0-078 

60 

0-069 

0-050 

0-046 

60 

0-062 

0-048 

0-036 • 

40 

0-031 

0-039 

0-030 

30 

0-010 

0-021 

0-020 

20 

0-006 

0-000 

0-000 


In the case of the fused and then pulverized specimens of tuffs, the 
degree of polarization continues to be large and noticeably exceeds that 
of the surface of the Moon. All these data are evidence against the i)rescnce 
of large slag-like and fused material on the Moon. 

The values for the density of the specimens were determined. For 
the tuffs in an uncrushed state these values are within the limits 1 *00 and 
1 *70. For the investigation of pulverized specimens the density was found 
to be less by a factor of 2 to 3, i.e. 0-4 to 0*8, which corresponds to the 
latest data for the surface of the Moon from radio-astronomical observations. 

On the basis of all the results of investigations presented in this paper 
the following conclusions can be made. The surface of the Moon is covered, 
in all probability, by tuflf-like rocks in a very broken-up state, with the 
grain ranging in size from 3 to 10 mm. The surface of the Moon cannot bo 
covered by very fine powder or fine dust, as substances in the form of powder 
or dust with very fine grains cannot match the observed properties of re- 
flection of light from the surface of the Moon. For substances in the form 
of dust with grains of the size of 0*06 mm the law of reflection is close to 
Lambert’s law. 

According to the character of light reflection, surfaces covered by 
sharp-edged fragments and rectilinear grooves with vertical and tax)ered 
walls correspond best to the lunar surface. 
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MICRORELIEF OF THE LUNAR SURFACE AND THE PROBABLE 
WAYS OF ITS FORMATION 


V, V. SHAEONOV 

Lenhigrad State University, Leningrad, U,8,8.E. 

Already in the seventeenth century Galileo Galilei [1] had turned his 
attention to the peculiarity of the reflection of light from the lunar surface, 
which consisted of the fact that the disk of the full Moon exhibits no darken- 
ing towards the limb. Galilei explained this by assuming that, besides the 
mountainous macrorelief on the Moon, which could be observed in the 
telescope, there existed an ubiquitous microrelief pointing to a very rough 
structure of the lunar surface. Modern photometric observations have fully 
confirmed this conclusion and have enabled us to unravel many peculiarities 
of this inicrorelief — ^in particular, the rather unique law of reflection from the 
lunar surface, expressed by a reflection diagram very elongated in the direc- 
tion of the Sun. The comparison with the laboratory measurements carried 
out by Orlova [2] showed that the elements of this relief should possess 
vertical, or very steep, walls and sharp broken-off edges reminding one by 
their stmeture of laced volcanic slags and lapilli. At the same time the dim- 
ensions of these irregularities are found to be small— of the order of limil- 
metros or centimetres [3]. 

A remarkable feature of the lunar surface consists in the uniformity of 
this cover. Notwithstanding the fact that visual observations of the Moon 
have been mt\do for over 300 years, and photometric measurements for more 
than 50 years, no single, even a small, horizontal area or object has so 
far been discovered on the Moon for which the contrast of brightness, in 
com})arison with the surrounding background, changes perceptibly with the 
phase. This shows that the character of the microrelief is uniform over the 
whole visible surface of the lunar sphere, independently of the morpho- 
logical structure and albedo of the (Afferent objects. 

A study of the first photographs of the reverse side of the Moon in 1969, 
taken from the automatic interplanetary station launched in the U.S.S.R., 
showed thiit on the images of the lunar disk, darkening towards the limb 
for the greater part of the lunar circumference is absent; and where it is 
noted it should apparently be attributed to purely instrumental effects. 
This allows one to conclude — of course, for the time being only tentatively — 
that on the reverse side of the Moon the visible surface has a microrelief 
comj)letcly analogous to that which is so characteristic of the side turned 
toward the Earth. 

Another feature which indicates the uniformity of the outer cover on 
the Moon is the very small differences in colour. According to the data 
of the new colorimetric catalogue of lunar objects, based on visual colori- 
metric observations conducted by me at the Tashkent Astronomical Ob- 
servatory [6], the extreme differences in the colour index, including errors in 
measurement, do not exceed 0*11. The average value for the colour, ex- 
pressed by the difference D of the colour indices of the Moon and Sun, 
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amount to 0-36. The continents and in general the bright piirts are on the 
average a little redder than the maria, which can bo seen from the figures 
given in Table 1. The dispci’sion of the colour for the maria and other dark 
objects was found to be somewhat larger than for the bright parts. However, 
a careful and repeated study of the disk of the full Moon, conducted under 
great magnification with the aid of refractors and reflectors, did not reveal 
a single, oven small, object whose colour appreciably differed from that of the 
background. 


Table 1 


Type of object or rnatenal r D 



Aver. 

Extreme 

Aver. 

Extreme 

Moon, maria and floors 







of dark cirqxies 

0-0(55 

0-05 

0-08 

-f 0-339 

+0-29 

+0-40 

Moon, pali 

0-091 

0-09 

0-10 

+0-349 

+0-31 

+0-37 

Moon, continents and 







floors of craters with 







normal colouring 

0-105 

0-08 

0-12 

+0-347 

+0-31 

+0-38 

Bright rays and craters 







with bright floors 

0-140 

0-10 

0-18 

+ 0-352 

+0-31 

+0-39 

All parts of Moon together 

0-()9() 

0-05 

0-18 

+0-344 

+0-29 

+0-40 

Volcanic slag, scorics 

0-0(50 

0-02 

0-14 

+0-11 

-0-13 

+ 1-28 

Volcanic tuff 

0-1553 

0-0(5 

043 

+0-29 

-0-15 

+1-10 

Pumice 

0-354 

0-13 

0-55 

+0-43 

+0-06 

+0-81 

Dunite, peridotite 

0-104 

0-0(5 

0-l() 

-0-01 

-0-17 

+0-25 

Gabbro, norite 

0-155 

0-08 

0-21 

-0-04 

-0-17 

+0-12 

Basalt 

0-133 

0-0(5 

0-28 

-0-05 

-0-31 

+0-15 

Diabase 

0-151 

O-ll 

0-19 

-0-02 

-0-19 

+0-13 

Andesite 

0-139 

0-08 

0-31 

-0-02 

-0-12 

+0-10 

Granite 

0-244 

0-04 

0-70 

+0-39 

-0-09 

+1-23 

Metamorphic rocks 

0-281 

0-08 

0-78 

+ 0-26 

-0-26 

+0-99 

Clays and schist 

0-251 

0-12 

0-50 

+ 0-33 

-0-24 

+ 1-63 

Sand 

0-240 

0-10 

0-40 

+ 0-49 

+0-0(5 

+ 1-22 

Sandstone 

0-222 

0-0(5 

0-54 

+ ()-(5(5 

+0-03 

+ 1-64 

Limonite, ortstein 

0-131 

0-05 

0-35 

+ 0-(59 

0-00 

+ 1-24 

Limestone, marl 

0-325 

0-06 

0-80 

+ 0-38 

-0-13 

+ 1-62 

Stone meteorites 

0-183 

0-04 

0-48 

+ 0-10 

-0-16 

+0-36 

Fusion crust of metc^orites 

0-052 

0-02 

0-17 

+ 0-11 

-0-10 

+0-38 


The differences in albedo on the Moon, although they arc considerable (up 
to 3:1), amount to less than one-tenth of the differences in the albedo of 
terrestrial rocks (up to 50:1). Data available at the ])reRent time on the heat 
conductivity of the outer layer of the lunar surface obtained from thermo- 
electric and radio astronomical observations also furnish evidence in favour 
of the uniformity of this cover. 

In order to identify the nature of the visible surface of the Moon wide 
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use is made of the empirical comparison of values for difl’eri'iit optical 
parameters — such as, for example, albedo, colour, and polarization for lunar 
objects and for terrestrial rocks. However, this method is based on the 
assumption that the same colouring is characteristic for materials on the 
Earth and the Moon which are alike in mincralogical and petrographic 
composition. This is likely, hut still far from certain. Besides, we can 
identify rocks on the Moon by comparison of their colour with terrestrial 
samples only in the case when we see on the Moon an exposed and coinj)letely 
fresh surface of those rocks of which the upper layers of the lunar cnist 
consists. A very insignificant amount of contamination of extraneous origin 
or an insignificant change in the texture of the surface rocks themselves is 
sufficient to change the colour and make the substance unrecognizable^ for 
us. 

Furthermore, in order that the results of such a comparison should be 
meaningful it is necessary to observe certain conditions. For example, the 
comparison of data for the Moon, which always represents averages for 
large areas of the surface, with individual sami)les of rocks of such a size 
as can be found in museums and collections, cannot give a satisfactory 
result. The fact is that there is a great variety in the colour of the minerals 
and the rocks ; therefore, from rocks of any origin it may always bo possible to 
select an individual sample which matches in colour the area of the Moon’s 
surface being studied. In order to comi)are the terrestrial data with the 
observations of the Moon, it is necessary to use the statistical method and 
measure the necessary i)aramcters for a groat number of specimens of each 
kind of rock from which average vaUies can be formed. In doing so it is very 
important to select specimens in such a way that the average values obtained 
will really be characteristic of the average colour which a brotid area (‘.overed 
with a given kind of rock and observed from a great distance would have. 

I wish also to mention that, in order to obtain reliable results, it is not 
sufficient to make a comparison of only one optical characteristic. To 
illustrate this I will cite an example. If wc confine our attention only to 
the albedo, then a hypothesis could be maintained that the sxu’face of the 
continents consists of ultrabasic magmatic rocks, and the surface of the 
maria is covered with volcanic slag. But if we invoke also the colorimetric 
data, the similarity diHai)])oarH, inasmuch as the two types of rocks just 
mentioned do not have the reddish, or rather gray-brown, shade which 
characterizes the colour index of the Moon. There is also no agrecmei\t in 
the characteristics of heat conductivity, eH])eoially with regard to magmatic 
rooks. 

A great deal of work on the comparison of the Moon with photonn^tric 
and colorimetric observations of rooks has been accomplished in the course 
of a number of years at the Astronomical Observatoxy of the Leningi’ad 
University. There wc studied more than 100 areas of the lunar surface 
and some thousands of the specimens of rock. The toclmiqxie for the xiso 
of such material can vary. The simplest way is to compare the average and 
the extreme values, as was done in Table 1 , where the albedo is oxx)rcssod in 
the form of the brightness factor r, i.c. the ratio of the brightness of a given 
object to the brightness of an absolutely white surface under analogous 
conditions of illumination; and the colour, as before, is j^resented in the 
form of a colour excess D — Co—O^.y Hero Co is the colour index of a given 
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objec3t Tinder illumination by natural or artificial solar light (system of E. S. 
King), and Go is the colour index of the Sun. It is evident that for a gray, 
i.e. a neutral-reflecting surface, jD = 0; for substances which have a blue 
or bluish colour, i>will be negative; but for yellow, brownish, and reddish 
materials it will be positive. In our investigation of the colour of minerals 
and rocks we met with extreme values for D ranging from —1*0 (colourful 
samples of lazurite) to +2-0 (saturated-red limestone). 

Another method consists in obtaining the distribution curves of specimens 
of each kind pf rock according to the values of r and D [4]. An example of 
such curves for the Moon, granite and magmatic rock of basic and ultrabasio 
composition is presented in Fig. 1. Still another method consists in the 



Fig. 1. Curves of the distribution of specimens according to albedo and colour 
excess D. At the top for granite; at the bottom for basic and ultrabasic rocks. Data for 
rocks^ — dotted line; for lunar objects — solid lino. 

construction of albedo-colour diagrams on which along one axis wo plot the 
values of r and along the other those of D, defining a point for each specimen 
[6 ] . On Fig. 2 we plotted the points for granite and rocks of basic and ultra- 
basic composition. The points for lunar objects are not plotted, but the area 
occupied by them is marked off by a closed line. 

The results of all these comparisons lead to the conclusion that no kinds 
of terrestrial rook (including meteorites) correspond to the lunar surface 
in reflectivity and colour. The basic dijfference consists in the fact that all the 
rocks investigated are on the average brighter than the Moon. An exception 
to this is special material, rarely met on the Earth, such as volcanic slag 
and the fusion crust of meteorites. Therefore, no combinations or mixtures 
of rocks will give an average albedo identical with that obtained for the 
Moon. Besides, nearly all terrestrial rooks exhibit very considerable dispersion 
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in albedo, and, especially, in colour — ^which. is not the case on the lunar 
disk. 

Thus, from the point of view of the optical properties, the limar surface 
exhibits three characteristic peculiarities that distinguish it from all terres- 
trial rocks: namely, extremely low albedo, an almost identical colour, 
and a reflection diagram very elongated in the direction of the source of 
light. These peculiarities of the colour and structure of the substance which 
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Fig. 2. All)odo-colour diagrams (by Sytinskaya). Above, for granite. Below, for 
basic and iiltrab*i»ic igneous rock. Area oooupiod by the points for lunar objects 
surrounded by solid lino. (The points thoinsolves aro not shown in order to avoid over- 
crowding of tlio drawing.) 


forms the outer layer of the surface of the Moon observed by us can be 
explained in various ways. The best explanation apx)ears to bo that those 
rocks which make up the outer layers of the lunar globe aro always hidden 
from our view by a crust or film of subsequent origin — ^just as, on the Earth, 
the original rocks are tisxially covered by the products of weathering and soil. 
This crust originated under conditions on the Moon which arc quite different 
from those which we have on the Eaith. It should then bo only natural that 
among terrestrial rooks we are unable to find anything similar to the surface 
layer on the Moon — ^particularly as far as tho albedo, colour, and structure 
of the surface are concerned. 

If our assumption is correct, then tho usefulness of further investigation 
of the nature of the Moon’s surface by such simple methods as photometry 
and colorimetry naturally becomes very limited. Nevertheless, we can draw 
certain conclusions about the formation of the dark porous crust overlying 
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the lunar surface. First of all we should distinguish between the endogenous 
and exogenous factors. On the Moon, due to the absence of atmospheric 
pressure and smaller force of gravity many processes — and, in particular, 
the hardening of the lava flows and the formation of vesicular structure 
on their surface — ^will proceed otherwise than on the Earth. Therefore, the 
surface of the rocks of volcanic origin can acquire a special structure at their 
formation. However, it appears more plausible that the outer covering of 
the Moon, characterized by its uniformity, was produced by external and not 
by internal forces; for it is just the external (and particularly, cosmic) 
influences which should have a uniform effect on all parts of the surface of the 
lunar globe. Often the impacts of meteoric bodies are indicated as being 
the basic factor in the formation of the surface crust on the Moon, as is 
assumed by the meteor-slag theory expounded in the report by Sytinskaya. 
A considerable effect may also be produced by different forms of radiation. 

Further progress in liie solution of the problem of the nature and origin 
of the lunar surface and of its characteristic microrelief by means of groimd- 
based observations can come only from the use of new methods of research, 
and from a close collaboration between astronomers and geologists. 
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METEOR-SLAG THEORY OF THE LUNAR SURFACE 


N. N. SYTINSKAYA 

Leningrad State University, Leningrad, U.S.S.E. 

In my comiminication. I am confronted with the task of applying the results 
of photometric, colorimetric and thermal investigations of the Moon for 
certain conclusioiiK regarding the nature and origin of the outer layer of the 
lunar surface. The considerations which I am to share with you in the present 
chapters have alrciidy been published by me under the title “ Meteoric-Slag 
Theory of the Lunar Surface This theory had to be developed and supple- 
mented as results of new observations, measurements and theoretical calcu- 
lations were obtained [2]. 

During the past 25-30 years in the U.S.S.R. many investigations were 
can*ied out for studying the albedo, colour, changes in brightness with 
directions of incident and reflected rays and other optical characteristics 
of the lunar surface. The results are briefly as follows. The lunar surface 
has everywhere a relatively uniform, very dark gra 37 ish-brown shade of 
colour. The differences in albedo are noticeable, but they are small and vary 
within the limits of 1 :3,4. Still smaller are the differences in colom, which 
do not excerni the differences in colour index of 0*1-0 *2. No kind of terrestrial 
rock in its mean colour has a sufficient resemblance to the lunar surface 
1 3J, [41. The reflection of solar rays from regions of the lunar surface (which 
wiuMi secui in a telesco])c ai)pear to be perfectly smooth) gives a reflection 
diagi'am for all angles of incidence sharply elongated toward the Sun. 
This prov(^s that the Moon has a microrelicf which is characterized by a 
high degi‘(H> of fragmentation and steep, almost perpendicular, slopes [5], 

The ])r<')blem of the scale of this relief is interesting. Results of radar 
investigations of the Moon, carried out in various parts of the world, show 
that tlic lunar surface reflects radio waves in an entirely different mamer 
than the light rays — ^namely, in an almost specular manner. It follows that 
the structure^ of the miororolief is considerably smaller than the wavelength 
of the radiation, which was used for radar observations. Thus the dimensions 
of the microrelief elements are definitely smaller than a meter, and it is most 
probable that they range within limits of one millimetre to several centi- 
metres [b]. 

Of groat importance for solving the problem concerning the nature of 
tlus lunar surface arc the results of thermoelectric observations of the 
thermal radiation of the Moon itself during lunar eclipses and during a 
month. The extremely low values of heat conductivity obtained from such 
observations indicate that the outer layer of the lunar surface has a highly 
porous, vesicular structure [7]. 

From what has been said concerning the properties of the lunar surface 
layer wo conclude that : 

{a) it cannot be a massive rock formation, nor magmatic, or sedimentary, 
because its heat conductivity properties would have to bo different; 

(6) it cannot be mixed in composition, i.e. represent an alternation of 
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rocks with porous material ; for in. this case, in order to obtain the average 
values, corresponding to observational data, it would be necessary to assume 
unacceptably low values of heat conductivity for the porous fraction ; 

(c) it cannot consist of loose substances such as sand, gravel, or dust 
because such a substance, due to its limited slope angle, cannot have a surface 
with such steep irregularities which would give an indicatrix of reflection 
in agreement with that observed; 

(d) it cannot be a surface consisting entirely of material brought from 
outside (of meteorites, cosmic dust) because continuous cover of this type 
would smooth out all differences of albedo. 

Consequently, the positive properties of the lunar surface layer must be 
such that: 

(а) it should consist of an extremely porous, vesicular material, because 
only such a material will possess properties compatible with observations 
of its heat conductivity; 

(б) it should consist of loose, sufficiently coherent material, which 
could give sharp-rough structure and adhere to the steepest slopes; 

(c) it should have originated in such a manner that its reflectivity is 
determined by the mineralogical or petrographic composition of rocks 
situated in the given region. 

Terrestrial black volcanic slags show the best agreement with the above- 
enumerated properties. They are formed preferably on the surface of lava 
streams and represent congealed lava foam. From here we have borrowed 
the expression “ slag ’’ to be applied to the porous cover assumed to exist on 
the Moon. 

At the present time, a majority of lunar investigators tend toward the 
view that the visible outer layer of the lunar surface represents the result 
of the treatment of basic parent rooks of the lunar crust by external factors. 
Several such factors have been mentioned, but the effective and most active 
undoubtedly are the impacts of meteorites and 'micrometeorites, accompanied 
by explosion phenomena. The latest results on the frequency of micro- 
meteorites, obtained with the aid of artificial Earth satellites and cosmic 
rockets, show that the bombardment by micrometeorites is so intense (uj) to 
one impact per square centimetre per minute), that it can within a very short 
time change the structure of the outer layer of any region of the lunar surface. 

A comparison of the kinetic energy of motion of a meteoritio body with 
the heat absorbed in evaporation shows that the amount of this energy exceeds 
by far the quantity necessary for complete evaporation of the meteorite itself. 
It is highly probable that a considerable fraction of the surplus energy, 
liberated during the impact of a meteoric particle, is used for the conversion 
of the material of the lunar surface in the zone of impact into vapour. As is 
indicated by the calculations of Stanyukovich and Fedynsky [8] the mass of 
the matter of the lunar surface transformed into vapour may by hundreds 
and even thousands of times exceed the mass of the meteorite. The investiga- 
tions by Gilvarry and Hill [9] lead to a conclusion that the temperature in the 
zone of explosion can be very high. Depending upon the velocity acquired 
during explosion, a fraction of the vapour molecules may escape from the 
Moon entirely, another is scattered over the whole surface of the Moon and 
the third precipitates in the zone of the explosion. To study the velocity 
distribution of molecules is a very difficult task. A complete solution of 
this problem is not yet available. 
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The meteoric-slag theory of the origin of the surface layer is based on the 
assumption that a sufficiently large part of the evaporating material condenses 
and precipitates near the place of explosion, forming a crust which consists 
of vesicular mass, with cavities separated by very thin walls. From the 
outside such a layer will show a spongy cellular structure. Light slags, lapilli 
and other products of volcanic emiptions may serve as a certain — ^possibly 
quite remote — analogy of such a structure. According to its low value of 
heat conductivity in vacuum and reflection diagram for the solar rays falling 
on it, such a matter may well be consistent with the observations of the 
lunar surface. 

In addition, the high temperature of the explosion should lead to various 
chemical changes, so that the layer formed as a result may differ considerably 
in its mineralogical and chemical composition from the rock from which it 
originated. 

A characteristic feature of details of the lunar surface is their low albedo, 
the values of which vary between 0*05~0’18 and on the average, amount to 
0*07. A comparison of lunar data with the results of investigations of the 
terrestrial samples shows that the average albedos of all kinds of terres- 
trial rocks are higher than those of the surface of the Moon. The exceptions 
here are such formations as volcanic slag (mean albedo of 0-06) and the 
fusion crust of meteorites (mean albedo of 0*05). Consequently, any theory 
describing the structure and origin of the outer layer of the lunar surface 
should account for its dark colour. 

The meteor-slag theory permits us to explain the low reflectivity in the 
following manner. Experiments show that many kinds of terrestrial mag- 
matic rocks and a majority of meteorites acquire dark or even black colour 
under the influence of high temi)erature. After fusion in the fl^ime of an 
electric arc, samples of meteorites and rocks ordinarily acquire black colour. 
The black colour is characteristic also for the fusion crust of meteorites. 
According to investigations by Yudin [10] it originates because of the 
presence of magno-magnetite, a mineral of the composition (Fe, Mg)0 . Fe203, 
and forms during the decomposition of silicates of the olivine tyi)e. It is true 
that the fusion crust of the meteorites originates under conditions of the oxy- 
gen-rich terrestrial atmosphere. On the Moon, the dark colour may originate by 
the formation of feme oxides due to the oxygen contained in the silicates, 
as for example takes place d'uring the decomposition of the mineral fayalite: 

Fc2Si04 ~>2FeO + SiOa 

The mineral iocite, which is natural ferrous oxide (i.o, corresponding to 
the composition FeO), according to investigations by Yudin also takes 
part in the creation of the black colour of the fusion crust of meteorites. Under 
conditions prevailing on the lunar surface, at complex temperature and 
pressure distribution in the zone of the ex})losion, the origin of other ferric 
oxides, such as Fe304 and FC2O3, is quite })robal)lc. The reddish colour 
characteristic for the latter woxild corre8])ond to the actual colour of the 
Moon. Furthermore, one cannot completely nxlo out the origin, on the 
Moon, of reddish ferric hydioxidos of the tyi)c Fe(OH)3 by the action of water 
included in the composition of silicates of the lunar surface, duo to the forma- 
tion of H2O molecules by combining hydrogen ions of solar origin with oxygen 
atoms liberated during meteoric explosions, or as result of icy ” meteoric 
bodies falling on the Moon. 
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An opinion was expressed many times that lunar continents are formed 
by less heavy acidic magmatic rooks, while the maria consist of heavier basic 
rocks. Our hypothesis is in general agreement with this view. We recognize 
the fact that the albedo of the slaggy material should be the lower, the greater 
the content of ferric or ferrous oxide compounds in the initial (parent) basic 
rock. But, as is known, with the transition to basic and ultrabasic rocks the 
]FeO content increases. This is why there is little likelihood that the limar 
continents are formed by acidic rocks of the granite type, becaxise rocks of 
this group (in view of the insignificant amount of FeO) acquire a light colour 
when fused in an arc fiame. It can be assumed that the slaggy surface of 
the maria is made up predominantly of ultrabasic rocks, and of the continents 
by basic basic, which determines the differences in albedo of the vesicular 
layer which originate as a result of meteoric bombivrdment. 

In an analogous manner we can explain the dark surface (jolour also of 
other bodies of the solar system, which are devoid of atmosi>here — iis, for 
example, Mercury or the satellite IV of Jupiter. As can be judged by the 
available data, the meteor-slag theory of the structure and origin of the 
outer layer of the lunar surface is in agreement with all the facts kiiown at 
the present time. 
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ON THE PHOTOMETRIC HOMOGENEITY OF THE LUNAR 

SURFACE 


IS. P. BAItABASHBV, V. I. EZERSKY 

Kharkov Astronomical Observatory, Kharkov, U.S,S,E. 

1. Tub first photometric investigations of the lunar surface [1, 2] re- 
vealed the basic peculiarities of the reflecting properties, which proved to 
be characteristic of formations, with different morphological pecularities and 
location position. These pecularities were interpreted by Bai'abashcv as 
being due to the very porous, rough relief of the lunar surface. 

Minnaert, by applying the Helmholtz principle of reciprocity to photo- 
metry, provided the method for the investigation of the x)hotometric 
homogeneity of the surfaces and atmospheres of the planets [3]. In- 
vestigations of the x>hotometric homogeneity of the lunar surface should be 
based on the most complete photometric data, and include all the main 
morphological types of the lunar relief in different regions of the lunar 
disk. 

2. Various comparisons wore made for investigating the photometric 
homogeneity. On the basis of the photometric catalogue of V. A. Fcdorcts 
[6] paired comparisons of brightness were made in areas which could bo 
considered as interchangeable [4], Altogether eighty-four such pairs were 
subjected to cxaitiination. A summary of the results is given in Table 1. 


TAliLB 1 


(Jrou2)s 
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Sm ± 

a 

1—1 

18 

0-11 


IT— II 

17 

0-13 

0-11 

I— II 

39 

0-19 

0-13 

I— III 

6 

0-07 

0-07 

II— III 

4 

0-05 

0-03 


Here 7b signifies tlie number of comx)arisons ; grou]) I the maria, sinus and 
palus, group II the continents and craters, group III the bright rays. Sm 
is the averages arithmetical value of 

r{i)-r(P) 

O = , 

r(i) 

which determines the deviation from homogeneity, and c is the mean 
square deviation. 

One should bear in mind the fact that, in the comparison of objects 
belonging to one group, the average deviation is noticeably less than in the 
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comparison of details belonging to different groups. It is also noteworthy 
that the bright rays behave in the same way as the regions through which 
they pass. 

3. Photometric measurements were made along the equator of the 
intensity of the Moon and parallel directions at different phase angles, and 
subsequently compared with the corresponding branches of the intensity 
distribution curves. The areas measured along the selected sections belonged 
to different types of formations. In this case, the photometric homogeneity 
of the Moon is revealed to a still greater degree [4]. 

The difference in the albedo, as in the case of the paired comparisons, 
was taken into account, assuming that the ratio of the albedos is equal to the 
ratio of the brightness at full Moon, and that the law of reflection has the 
form, p{i,€) = jSo/(ii,€), where jSo is the brightness of a given detail at mini- 
mum phase angle equal to a = 1-5®. 

4. On the basis of the data of the catalogue of Fedorets, indicatrices of 
reflection of different details of the lunar surface were constructed, and 
comparisons made in those cases when the necessary conditions were fulfilled. 
The following ratio was used 

Pii}€) cosi 
cos € 

From the catalogue data on the dependence of the brightness of the detail 
on the angle of incidence i, the angle reflection e and the phase angle a only 
those values were selected which would include as far as possible a sufSciently 
large range of values of i with e deviating not more than ± 1 ®. In this 
way the brightness of a detail was determined depending on the angle of 
reflection (in a limited interval of values with cmin 9 ) for a constant value 
of the angle of incidence. 

As is seen from the data presented in Figs. 1 , 2, and 3, the indicatrices 
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arc siiuilar. It is also interesting that the indicatrioes of reflection of the 
bright rays and those of neighbouring regions coincide. The latter circum- 
stance is evidence in favour of the bright rays adojjtmg the photometric 
structure of those regions through which they pass. 
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The photometric homogeneity of the lunar surface evidences the im- 
poi’tant role of external, cosmic factors exerting isotropic action, on the 
formation of the microrelief of the lunar surface. 
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COLOUR AND SPECTRAL CHARACTERISTICS 
OF THE LUNAR SURFACE 

V. G. TBYFBL 

Astrojphydcal iTiatitute^ Kazakhstan 
Acadew/y of Sciences, Alma-Ata, Kazakh 8.8.E. 

In tlio broad complex of optical studies of the Moon, the most complete 
information which does not lead to differences of opinion is available only 
for the photometric characteristics of its surface. The colour and polariza- 
tion characteristics of the Moon’s surface have been studied in less detail; 
and as far as the question of the colour contrasts on the Moon’s surface is 
concerned, no unanimity of opinion has existed until recently, since colori- 
metric observations conducted by various investigators have often produced 
contradictory results. At the same time, the question of the existence and 
magnitude of colour differences on the surface of the Moon is not an academic 
one. The colour of the lunar surface reveals just such characteristics of its 
X)hysical state as do other optical characteristics — such as photometric and 
polarizing })eculiaritics which inform us about the microstructure of the 
surface layer of the Moon. The observed colour of the lunar formations 
characterizes also the external layer, which represents the result of protracted 
and continuous influences on the lunar surface of various external factors — 
such as meteorites, micrometeorites, cosmic rays, and ultraviolet, corpuscular 
and X-ray radiation of the Sun, etc. Differences in colour of lunar features, 
just as clilfcrcncoH in the albedo, depend on the characteristics of the basic 
lunar rocks and not on the changes which these rocks have undergone in 
the course of tiitic. Therefore, although the alteration of characteristics of 
the external layer of these rocks does not permit comparison of the external 
o])tical characteristics of the Moon’s topography with terrestrial rocks with 
ccu'tainty, (uic can, by means of various photometric and colour data, draw 
a number of conclusions about the characteristics of emerging basic rocks 
found on its surface. 

A sulHcieiit number of colorimetric observations of lunar details has 
disclosed thi’* presence of appreciable colour differences on the surface of the 
Moon. However, according to various investigations, the magnitude of 
colour contrasts varied from several hundredths to one magnitude and more 
of th(^ normal colour index. Fxirthermore, Barabashev raised the question 
concerning the legitimacy of regarding the colour index as a unique character- 
istic of colour differences of lunar formations [1], as separate spectrophoto- 
metric observations of the Moon revealed a nonunifonn variation of the 
brightness of lunar details along the spectrum. 

In order to clarify these problems, it was necessary to have systematic 
spectral observations of the Moon. Such observations have commenced 
only in the last 3 or 4 years at several observatories in the Soviet Union. In 
particular, spcotrophotometric observations of the Moon have been con- 
ducted systematically since 1956 in Alma Ata, with the 200 mm Maksutov 
meniscus reflector and the spectrograph ASP-9. 

The primary aim of these observations was to obtain spectrograms 
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of extended regions of the Moon, on which it was possible to measure the 
intensity distribution in the spectrum of separate areas. Since the main task 
was to reveal the spectral differences of lunar foimations, an area of the 
Moon’s surface in Mare Vaporum was chosen, as a reference standard. The 
intensity distribution in the spectrum of this area was measured relative 
to the intensity of stellar spectra. Altogether ninety areas were observed 
in fifteen regions of the lunar surface, six to eight spectrograms being 
measured for each. In this way, relative spectral curves were constructed 
for these areas, permitting one to assess the ^fferences of spectral reflectivity 
of different details on the lunar surface. 

The spectral (fistribution curves of most lunar objects show a smooth, 
almost monotonous, intensity variation along the spectnim. For several 
features, tlie differences in spectral intensities exceed the mean square en’or 
of the result oa = ± 0-02 “0-03. No unusual anomalies have been noted 
in the intensity distribution in the visible spectral region, with the exception 
of a conspicuous decrease in the reflectivity for AA < 420m/x for several 
objects in Mare Imbrium and other regions. The general differences of 
spectral curves of lunar formations are noticeably smaller than, for example, 
those of stony meteorites, according to the investigations of Krinov [2] 
(Fig.l). 



Fig. 1. Comparison of the relative spectral curves of the lunar surfaco and stony 
meteorites which differ most in colour (according to Ivrinov). 

(1) The Moon — ^north-west part of continent. (2) The Moon — the continent between 
Mare Fecunditatis and Mare Nectaris. (3) Meteorite “ Mogoi ”. (4) Metoorit o 

“ Andronitsky 

A comparison of the spectrum of the standard region with that of a 
Lyrae also shows that the lunar surface is characterized by a monotonous 
distribution of energy in the spectrum of reflected light, even in comparison 
with the spectra of hot stars (Fig. 2). The smooth variation of the spectral 
curves permits one to characterize them by the relative photometric gradient, 
either in the whole spectral interval AA390-620m/x or, at least, in the half 
intervals of wave lengths. The limits of spectrophotometric gradients 
of the investigated lunar details are not large: (?(390 — 62 ()mjLt) from —0*06 
to +0*41, (5^(390--600wija) from — 0*08 to +0*49, from 

— 0*20 to +0*52. These limits correspond in the spectral scale to 0*6 of the 
spectral class dQ. The regions of the maria are characterized by the lowest 
mean value of Q, the lunar craters by the highest. For the maria and craters 
we have Qi > 02 t while for the continental areas and craters rays Qi < 
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For 50% of all the objects investigated, the spectrophotometrio gradients 
in half spectral intervals computed in the whole spectral interval, the 
function log /(A"i) is almost linear in the visible spectral region. Moreover, 
the deviations of individual gradients from the mean obey the normal law 
or errors. 

. As Lipsky [3] indicated, the results of spectrophotometry of the lunar 
surface may be influenced by polarization in the spectrograph and by the 
polarization of the lunar surface varying with wave length. With the in- 
strument used by us, as shown by investigations, the degree of polarization 
did not vary with wave length and in the above-mentioned interval of wave 
lengths equals 0*07. 



1/A 


Fiu. 2. Int.ensity distribution in the spectrum of Maro Vaporum, in relation to 

a Lyrao. 


Spectroi)oIarimetric investigations of nineteen lunar objects in three 
regions of the Moon wore carried out. For this puipose, spectra of lunar 
regions were i)hotogra])hod near the quadratures in three positions of a 
polyvinyl polaroid placed in front of the slit of the si)cctrograph. No less than 
two spectrograms were measured for angle of the polaroid. These 

showed that the variation of polarization with wave length is insignificant 
(not more than 0’()5 to 0-07) and decreases toward the red. This agrees 
well with the Umov effect, according to which the lunar surface has a reddish 
colour in comi)arison to that of the illuminating sunlight. The variation of 
polarization with wavelength follows, in general, the same empirical relation- 
ship of polarization and the albedo of lunar features obtained by S 5 rtmskaya 
[4] from tlie observations of Lio in integrated light. Monochromatic values 
of polarization may bo influenced by the luminescence of lunar rocks which 
decreases, decreasing the values of P;^ obtained from observations in spectral 
regions in which bands of intense luminescence arc present. 

As we have mentioned above, the spectral curves of lunar features 
show a monotonous variation of intensity with the wave length. Therefore, 
the spectral differences in the visible spectral region can be defined uniquely 
by the colour index (or the colour excess GE). A comparison of the relative 
photometric gradients and the. colour excess of lunar details shows a distinct 
relationship (within the limits of accidental deviations) between the, two. 
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The relation between Q and GE is linear and e3cpressed by the formula 
0 = 2-21 OE, which is close to the ratio = 2-00 OE^ computed according 
to the formula for the speotrophotometric gradient. 

Thus, colorimetric observations based on measurements of the brightness 
of lunar features in two to four regions of the spectrum should yield the 
same results as the speotrophotometric observations. The comparison 
of our spectroscopic results with the colorimetric data of Barabashev and 
Chekirda reveals a close agreement in the limiting colour differences on 
the lunar surface. 

Instead of time-consuming measurements of spectrograms in mass 
determinations of the colour properties of areas of the Moon’s surface, it is 
possible to restrict oneself to computations of the colour indices of lunar 
objects from the photometric profiles of the spectrograms of extended regions 
across the dispersion in the corresponding wave lengths. Such spectrocolori- 
metric observations permit the investigation of the colour characteristics of a 
much larger number of lunar details of comparatively small size than 
does conventional spectrophotometry. In order to reduce the errors of 
measurement of the photographic method, it is necessary to photograph 
each area several times. In this way a catalogue was compiled in 1968 
which gives the normal colour indices of 262 areas of the Moon, based on 
the measurements of ten to fourteen spectrograms of each of theelevon regions. 
In 1969 some spectrograms, obtained near the true full Moon at a phase 
angle of 3° — 4°, were used to determine the colour indices and the relative 
intensity of 1442 areas of the Moon in sixty-two regions, uniformly distributed 
over the visible lunar disk. 

The result of these investigations was, first of all, the establishment 
of the limits of colour differences on the lunar surface, which equal 
0m.2i— 0”^*26 in units of the normal colour index. The colour index of 
lunar features varies between 0”^-72 and 0”^'97 while the amplitude of 
colour differences in the maria and continental regions is almost identical. 
The maxima of the numerical distribution of colour indices for the maria 
and continents are also almost identical and included within the limits 
GI = 0"^-79-0«i-84. 

The most interesting result of spectrocolorimetric investigations is 
the relationship between the colour and relative brightness of lunar f(>atui*es. 
The fact that the brighter features of the lunar surface also prove to bo redder, 
was noted by many investigators — ^in particular, by Radlova 1()J from 
colorimetric measurements. This relationship shows u}) more (listinctly 
in speotrophotometric investigations, although the range of colc^ur difforoncos 
is about twice smaller than in the photographic investigations of llacllova, 
i.e. the lunar details on the brightness-colour diagiuni (Fig. 3) o<*.CTi])y a 
more limited region. 

The relationship between colour and brightness is numerically charact(‘r- 
ized for each investigated region of the lunar surfaces by two values ; the 
gradient of relationship 

ACE 

G , 

AlogJ550 

and the correlation coefficient r. Investigations of the relationshi]) of colour- 
brightness for sixty-two regions of the Moon gave values of G from 0-45 
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to 3*00, with a inaxiniuni of statistical distribution O = O-CO to 0-8() and 
correlation coefticients from 0-34 to 0-00. The comparison of G and r (Fig. 
4) shows tliat, with the general increase of G together with the decrease of r, 



If'to. 3. (Imiiiiarisen (if (liHgiatns (if liriKlitncsfl-eoUmr (the briglitn(w e()omoi(iiH.- 
colour ituU'x) nccoriling to the olworvutiona of b. N. Riwllova (.11 olijects) and 

i.lio uuilior (2(53 objof^tw). 



two branches are visiJile on the graph: with small and largo vabicH of 
values of r. This clistrihutioii is noticeably linked with the moqiho- 


satne vaiin.'» /. xino — — ,/ « . . i.* 

logical characteristics of the region. Thus the majority of regions investigated 


o 
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in Mare Serenitatis, in Mare Imbrinm, and in the region of Mare Crisium 
are in the right-hand branch of the diagram (i.e. G is characterized by the 
greatest values both for large and small r). Oceanus Procellarum, Mare 
Fecunditatis and continental regions, even at small r have comparatively 
small values of Q, not exceeding 1-7. This shows that although the increase 
of dispersion of points on the colour-brightness diagram leads to an increase 
in G, it is not the only cause of diflE’erences of 0 in diiferent I'ogions of the 
lunar surface. Apparently here we have to do with real physical differences. 

A study of the colour-brightness diagrams shows that even in regions 
where the correlation coefSicient is high, there are objects which deviate 
from this relationship. The crater Aristarchus especially stands out in this 
respect. While having a high relative brightness, its colour excess is smaller 
than that which follows from the colour-brightness relation. The measure- 
ments of twenty spectrograms taken in the region of Oceanus Procellarum, 
including Aristarchus, showed that the colour of Aristarchus deviates from 
the linear colour-brightness relation in the mean by AC'jBg= — 0“-48 ± 
0““04 (Fig. 5). Of the twenty-three remaining objects measured in this 



Fio. 6. The deviation of colour of Aristarchus (1) and neiglibouring aro*w of tho Moon 
(2 and 3) from the colour-brightness relation in Oceanus Procollaruin. 

region, two other objects show essential deviations: tho ray system of 
Aristarchus (— 0“*16) and the dark intervening space between the crater 
and the rays (— 0“^*11), Matter spread over tho interior of the crater and 
its ray system differs from the matter of the surrounding surfact'i. This is 
also indicated by the intense luminescence of Aristarchus, which was detected 
by Kozyrev [7], and by the somewhat increased polarization of this crater 
noted by Markov [8]. It is hardly possible that the colour pocularities of 
the crater can he explained by its luminescence, as that would nujuire excess 
luminescent radiation up to 66%. Besides, ACEg does not show a depend- 
ence on the phase angle. 

The relation between colour and brightness of lunar objesets is apparently 
the result of tectonic evolution, in the process of which a crumbling of tho 
primary lunar crust took place, accompanied by lava outflow and the 
sinking of fragments of the crust into the lava. The bright sxibstanccs of 
the lunar crust fused with the darker greenish materials of the lava in 
different proportions, which led to the formation of a multiplicity of bright 
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spots on the dark ai'ea of the maria. These spots are also distinguished 
from the dark areas of the maria by colour, which is especially evident in 
Marc Sercnitatis. 

The computation of the theoretical colour and brightness relation, 
assuming blending of materials with different colour and brightness, gives 
curves of variation of the colour index with brightness, which satisfactorily 
represent the observed colour-brightness relationship for various regions 
of the Moon. Different slopes of the curves correspond to different materials. 
The correlation coefficient for these materials shows (for sufficiently exact 
determinations of the colour excesses and relative brightnesses of the respec- 
tive details) whether in a given region of the Moon only two kinds of rock are 
])rcHent, blended in different proportions. The low coefficient of correlation 
in a given region of the Moon’s surface reveals that, in this region, the 
colour- brightness relationship is weakly expressed or completely absent. 
This is due to the presence of blending of three or more kinds of lunar rock 
in such a region. A deposit of the material of bright rays and rings on the 
surface, which alre^uly consists of a mixture of two rocks may serve as the 
simi)lest example. Therefore, in future investigations of the colour-brightness 
relationship, it will be necessary to measure the brightness-colour character- 
istics in limited regions of the lunar surface, i.e. areas where rays are present, 
areas without rays, and the floors of large craters. Prom the respective 
values of G and r, it will be possible to roach conclusions on the similarity 
and difference of the composition of materials of a given region of the lunar 
surface, and of the rays diverging from various craters. 

The viewj)oint that, on the lunar surface, we do not observe basic lunar 
rocks wliich have not been subjected to the influence of external factors, 
can now be assumed to ha widely accepted. On the other hand, the observed 
differences of optical characteristics of lunar features clearly point to a 
diffesrenco i n the composition of rocks of different areas of the Moon. External 
factors were unable coini)letcly to obliterate these differences, including 
the colour— brightness relation. 

The opinion htxs repeatedly been expressed that continental regions of 
the Moon arc formed of lightly coloured rock, similar to the terrestrial acidic 
rocks of the ty])e of granite, and the maria regions of basic and ultrabaaic rocks 
of the basaltic ty|ie. The hypothesis, proposed recently by Miyamoto [9] 
on the origin of the maiia and continental regions, is based on such a oon- 
jectiirc^. But in such a case, the changes in the colour characteristics of the 
continental and maria regiotis would have followed a different course: the 
continental areas would have become darker and bluer, those of the maria 
darkc^r and redder. Rough calculations show [10] that the observed bright- 
ness-colour cliaractesristics of the lunar surface cannot bo a result of process- 
ing of the rocks, similar to terrestrial granite and basalt, under the action of 
only external factors. The aHsumx)tion scorns more natural that even those 
parts of the surface of the Moon which were not subject to subsequent 
proccissing by external factors possessed colour differences which were 
not so sharply ex))rcssed as for tciTcstrial rocks. The smoothing of contrasts 
could have been due to endogenous processes: cniptions, outflow of lava, 
the fusion of rocks with different characteristics, etc. 

In conclusion, wo wish to mention a number of tasks to be performed hy 
spectroscopic and other methods of investigation, which should bo under- 
taken in the near future : 
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(a) In. further spectral investigations it is necessary to eliininatc the 
existing diversity in referring the spectral measurements to different stan- 
dard objects. It is necessary to establish and investigate a standaid re ference 
area on the Moon as a spectrophotometric reference. Since ol)servations 
of the Moon should be made at all phases, it is exj)edient to select thi-ee 
areas in the western, central and eastern zones of the Moon. These areas 
should be compared spectrophotonietrically. Besides the standaid reference 
areas can serve for the control of si)ectro 2 )hotometric measurements made 
at various observatories. Having taken the spectrum of the refei'ence area 
and of the standard star (a Lyi'ae) observers at any observatoiy may com- 
pare their results and eliminate personal errors inherent in the reduction of 
spectrograms. 

The following reference areas of the Moon with a more or less uniform 
surface brightness are proposed. 


Table 1. 


Region of the Moon 

9 

A 

2^he JSlUt of ji:ipectro(jmph 
Eatnhluhed on the JAne of 

Mare Crisium 

+ 15?0 

+65?0 

Agaru m Promontory — ^to- 
ward the north froin Cape 
Olivum. 

Mare Vapomm 

+ 13?0 

+ 5?0 

Manilius — Bode A 

Ooeanus Procellaium 
near Grimaldi 

-3?0 

-61?0 

Flamsteed — ^North edge of 
Grimaldi. 


(6) It is desirable to investigate, not isolated objects of the lunar surface 
located arbitrarily on the disk of the Moon, but all areas and ohjocis in 
small, well-defined regions of the Moon. Those regions (squares) should bo 
selected in accordance with the relative ago of the formations, located in 
the respective parts of the lunar surface. In tlxis way, it should be jmssible 
to construct maps of the distribution of optical characteristic's in s])ecific 
regions of the Moon, gradually approaching the cc)mi)ilati()n of a o()m])leto 
physical map of the Moon. 

(c) It is probable that areas of the Moon with extrcuncj value's of the 
bri^tness and colour coefficients are most similar to the ])arent lunar rocks. 
These are the darker areas of the maria and the brighter arc'ias of the 
mountainous regions (not rays), and craters. It is pc)ssii)le that, while the 
bright areas of the mountain regions were formed from c<)in}>aratively 
bright magmatic rocks, the bright walls of the craters were covon^d with a 
a deposit of dust and gaseous products of eruption. It is desirable to in- 
vestigate such objects in order to elucidate the diffi-irences in tlunr photo- 
metric, spectral, and polarization characteristics. 

{d) Spectropolarimetrio investigations, which as yet liave the character 
of preliminary experiments, should also bo extended to a larger number of 
lunar formations for a statistical study of their ago characteristics, and 
also anomalies in the dependence of polarization on wavelength, duo to 
luminescence and other causes. 
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THE COLOUR OF THE BRIGHT RAYS ON THE MOON 


L. N. BADLOVA 

Institute of Scientific hiformation, Moscow^ U,S.S.B. 


Ths systems of rays on the surface of the Moon are of great importance 
for selenology because, on any hypothesis concerning the origin of the lunar 
craters, the formation of bright rays and aureolae should be the resiilts of 
some kind of explosive phenomena. At the present time two views 
regarding the nature of bright rays are most widely held. According to one 
of these, the rays are cracks in the crust of the Moon, filled with lava, while 
according to the other, the rays are formed by matter ejected from the 
zone of a crater and spread over a previously existing relief. Photometric 
and colorimetric data allow the reliability of these two hypotheses to be 
evaluated. 

I have carried out visual and photographic measurements of the colour 
of several such rays. Visual measurements were made in the autumn of 
1956 at the Tashkent Astronomical Observatory with the aid of a Rosenberg 
astrophotometer, the blue wedge of which was used as a colorimeter. With 
the aid of this wedge and the polarization system of the photometer the 
bcigLljiiess aiid colour of the compaprison field of the photometer,^ illuminated 
with an incandescent light, were compared with those of various regions 
along the rays and the baokgroimd of continents. I measured throe of the 
brightest rays of the orator Tycho, three rays of tho system belonging to 
the crater Copernicus and two rasra originating from crater Kepler. The 
results of measurement are expressed in the form of speoml colour indices, 
the zero-point of which was identified with the mean light of the lunar 
surface, obtained by measuring tho colour of several points on tho lunar 
/liaTr, selected so that their mean corresponded to the mean value for a 

large number of objects [1]. . „ v v t 

In the photographic method, photograi)hs of the full Moon whion i 
obtained in 1939 wore used with the Tashkent normal astrograph in 
three following speotral regions: ultraviolet (A = 380m/i), photographio 
(X = 430 mfi) and photovisual (X = 560 m/a). On these photographs the 
density along the rays of crater Tycho was measured with the aid of a 
Hartmann miorophotometer. The visual as well as the photographic observa- 
tions revealed that the colour of the rays differs but very Httle from tho mean 
colour of the Moon, lor some rays a small systematic change of colour 
along tho ray was noted; but this lies within the limits of observational 
errors ( + 0*010 for the visual method and ± 0*15 for the photo^aphic). 

Thus, the measurements confirmed the subjective impression that tho 
rays from the background only in brightness, but not in oolom. 

Taking into account that rays and rings differ also only slightly from the 
background by their albedo and tho law of light I'oflection, it can be con. 
sidered probable that tho surface of tho rays consists basically of tho very 
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same material as the surface of the continents, but somewhat more 
finely pulverized. This leads us to give preference to the hyi^othesis regarding 
such rays as filled cracks. 


Rbferbnck 

1. Radlova, L. N. Aatr, Zhum. 20, 1-13 (1943). 



A STUDY OF THE ANGLE OF REPOSE OF SOME LOOSE 
MATERIALS AND ITS BEARING ON THE HYPOTHESIS OF 
A DUST LAYER ON THE LUNAR SURFACE 


N. S. ORLOVA 

Astronomical Observatory of the Letmigrad State University, U.S.8.B, 

Among the xiuiuerous liypothcHes to explain the observed peculiarities of 
the outer layer of the lunar suiface, some consider this layer to consist of 
loose material of volcanic ashes or dust. The basic objection to this view is 
the fact that such a layer of loose material cannot give a microstructure 
of the surface that would correspond to the law of the reflection of light 
from the lunar surface which follows from the observations. The scattering 
diagram of illuminating rays for a given area of the lunar surface, at all 
angles of incidence, is known to be very elongated in the direction of the light 
source. This is illustrated in Fig. 1, where the average scattering diagi‘ams 




for the lunar maria are plotted for the angles of incidence of light i = 0°, 30'=’, 
00'=*. Exi)eriments show that such diagrams can he reproduced only by those 
formations the surfaces of which arc thickly covered by deep depressions 
with steep walls and sharp edges. Loose material cannot bo maintained on 
surfaces withgi‘oat angles of repose and, consequently, is capable of producing 
unevenness only on the sloi)cs. 

In order to study this situation more precisely, the experiments were sot 
up in the laboratory for determining the angle of repose for different speci- 
mens of loose material ; sand, dust, volcanic ash, and other materials. If 
the cone of accumulated material of one kind or another is viewed from a 
suffioicntly great distance, its projection on the jxicture plane can be regarded 
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as orthographic. If, in addition, the line of sight is peri)endicular to the axis 
of the cone, then the apparent angle of the slope of the sides of a triangle by 
which the cone is represented will he equal to the actual angle formed by the 
generating lines of the cone with the plane of the horizon. Therefore, for 
the actual measurements we used a medium-sized telescope provided with an 
ocular micrometer. The wires of this micrometer wore set parallel with the 
slopes of the cone. The readings of the corresponding position angles cmabled 
us to obtain angles of slope for thirty-eight kinds of different materials. 

Subsequently, we determined the size of the angles of repose of terrestrial 
volcanoes. It is known that the cones of volcanoes are formed from materials 
which are thrown out of the crater at the time of eruption — bombs, lapilli, 
ashes, and other loose materials. The angles of repose of volcanic cones of 
pUed-up loose material were obtained by photographs published in special 
issues and photographic atlases of volcanoes of different countries. By making 
use of the sources indicated we determined the angles of repose of fifty- 
eight volcanic cones. 



e 


Figukb 2. 

A summary of the material obtained is given in Table 1. It contains 
the values for the average angles of repose and the limits of angles of repose 
for different groups of objects. We see that, in all cases, the angle of repose 
does not exceed 45°. 




36. ANGLE OE REPOSE OP SOME LOOSE MATERIALS 
Table 1. Angles of Repose 
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Order 

No. 

Materials 


Angle of Repose 

iVO. oj — 

Observations 

Limits 

Average 

1 

Crushed Stone 

3 

40°_43° 

42“ 

2 

Pebbles 

9 

32°-40° 

36“ 

3 

Gravel 

10 

32°-40° 

37“ 

4 

Coarse Sand 

15 

29°-36“ 

34“ 

5 

Medium Sand 

21 

30°-4l'’ 

34° 

6 

Pine Sand 

23 

29°-42° 

34“ 

7 

Dust 

24 

32‘’-45° 

41“ 

8 

Volcanic Ashes 

2 

30°-35° 

33“ 

9 

Volcanic Slope Material 

58 

2T-42° 

34“ 



PlOTJHW 3. 


In order to study the photometric relief of a rough surface with the 
maxiimim angles of repose of 4C°, models specially prepared in the laboratory 
were investigated. Of these, the first eonsisted of a surface completely 
covered by four-sided pyramids, and the second by three-sided pyramids 




414 


N. S. ORLOVA 


with, the sides inclined at 45°. The scattering diagi'ams of these niodc^ls in 
the plane of incidence of the beam were determined by a (levi(^c six^cially 
designed for this purpose at the Astronomical Observatoiy of the L(Mungrad 
University. The measurements of each model were done twi(*.e. Tlu‘ first 
model was measured at first in such a way that one of the horizontal ('dges 
of the pyramids at all angles of e was peipondicular to the line of sight. In 
the second measurement, the model was turned in azimuth through 45". 
The second model with the three-sided pyramids was at first also s(^t in a 
position in which the edges of the pyramid were per])endiciila!* to ilu^ line 
of sight. For the second measurement the model was turned in azimuth 
through 90°. 

The results obtained for the fu*st and second models are sliow n in gi‘a])liical 
form on Figs. 2 and 3 for angles of incidence of light i = 40", and 70°. 

The angles of reflection € in the 2)lane of the angle of ine.ideiuie are through 
the abscissae, and the average values M for the brightness, r<derr(‘(i to the 
value of brightness when i = € = 0° (adopted as unity) luv th(‘ ordinatt's. 
The dotted lines show the cuiwes for the laboratory models, and the solid 
lines represent the corresponding curves for the lunar maria in ae(^ordanee 
with the data published earlier by the author. 

As was expected, the laboratory curves are not at all similar to what 
one observes on the lunai* surface. Thus we come to the coTiclusion that if 
under the natural lunar conditions (smaller gravitational a(*<t(‘l(‘ration, 
absence of atmosphere, etc.) the angles of repose^ of loose nuitt^rials have 
the same values as on the Earth, largo areas of the surface of tlu^ Moon 
cannot he covered by loose material. 



FORMATION OF LUNAR CRATERS AND BRIGHT RAYS AS 
A RESULT OF METEORITE IMPACTS 


K. P. STANYUKOVICH, V. A. BRONSHTBN 

All~Unioih Aatronomical and (kodetic Society, Moscow, U.S.SJi, 


The phenomena accompanying the impact of large meteorites on the surface 
of the Moon or of the Earth can he examined on the basis of the theory of 
explosive phenomena if we assume that, instead of an exploding meteorite 
moving inside the rock, we have an explosive charge (equivalent in energy), 
situated at a certain distance under the surface. 

As an exani])lc, we shall consider a crater produced by an cxi^losion of 
a charge buried at a depth of 30 m below the ground, which was carried 
out for the purpose of seisniogi’aphic investigations. The crater has the 
diameter of 5 m and the depth of 2 m, i.e. parameters which are tj^pical for 
meteoritic craters of this scale. 

The theory of the formation of craters as a result of meteoritic impacts 
on the Moon’s and Earth’s suifaces was developed by K. P. Stanyukovich, 
first in 1937, and is being developed further at the present time [1-6]- The 
basic results can bc^ ex])ressed l)y the following formulas. 

The radixis of the explosion crater: 




7 ? 

. J 


The total depth of the crater: 


HttpQ _ 


( 1 ) 




The mass of ex})l()ded ” material, ejected from the crater (in the case of 
the Moon) : 


,, ‘"P r. ■^'‘ 0 “ 

Mit — — , 

15 ' 2 ^^ 


( 3 ) 


where M and w-o mass and velocity of the meteorite; Q is the density 
of energy s])ent for the! destmetion (evaporation) of the medium ; 8 is the 
coefficient (l(^)ending on properties of the medium ; ^ is the efficiency of 
impact (portion of (mergy changing into energy of exj>losion); 77 is the co- 
efficient determining the ])enetration depth of meteorite and th<^ radhis of 
destruction zonc^ as a function of the velocity, shape and density of the 
metcoi’ite, and th(‘. ])T'op(^rti(*s of the medium ; p is the density of the medium. 
Thus, for conditions of thc^ landing of ‘‘ Lunik-2 ” on the Moon, wo obtain 
Mb = 3x10^ Af ^ 1000 tons (for the container). The values of all the co- 
efficients are given in [5]. 

Interesting experiments, simulating the kinetic impact (at velocities of 
4.5 — 7.5 lan/sec) have been described recently by Charters [7], The filming 
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at a rate of about 1-2 million frames per second demonstrates the process 
of crater formation caused by the impact of a small particle. The un])inging 
body and the medium appear to acquire for a certain time the propei'tics of a 
liquid. The cumulative phenomenon is observed in experiments with actual 
liquids; this phenomenon consists of the fact that a stream, ca-rrying the 
droplet on the top, ascends from the centre of the crater. 

The experiments in simulation of lunar craters, conducted recently by 
Benevolensky [8], are of interest in this respect. In contrast with the 
experiments of Wegener [9] and Sabaneyev [10], who dropped lumps of 
cement into a powder-like layer of a substance, Benevolensky dropped 
compact particles into a layer of semi-liquid hardening mass, simh as the 
cement or gypsum. As a result of the cumidation phenomenon, craters 
were obtained with a clearly expressed central peak (Figs. 1 and 2). However, 



Fig. 1. A model of a lunar crater in a layer of hardened ecuueut. Illumination ab an 
angle of 35°. (According to A. M. Bcuun^olensky.) 


this peak was not obtained in all cases. We can assume that thc^ foi’mation 
of central peaks of lunar craters is associated with the impacts of nudeorites 
against the Moon’s surface in a molten state. 

The opinions of each author differ somewhat on the cpiestion cioncerning 
the mechanism of formation of crater walls. Thus Stanyukovicih assumes 
that the walls of lunar craters are of depository origin. If we assunu'. the iso- 
tropic distribution of ejected masses according to the angles of ejection, 
and if we consider the range of scattering as a function of th(^ angle of 
ejection, then the greatest amount of matter will fall in the centre and on 
the wall. This viewpoint is substantiated in various papers . 

Bronshten assumes that, since the structure of craters from explosions 
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on the Earth as well as of meteoritic and lunar craters is described by one 
law formulated by Baldwin [11], there are no reasons for attributing de- 
])ository origin to the walls. The latter are formed as a result of radial shifts 
in a horizontal direction from the centre of crater, which is evident from 
experiments conducted by Charters [7], This viewpoint is supported also 
by the circumstance that the walls of large craters (in contrast to bright rays 
which are uncpiestionably depository formations) are not supeirposed on the 



Fig. 2. A niodol of a Umai’ csraioi* iu a layer of hardonod coinent. Illuinination at au 
angles of (irf'. Soil cracd-cs an^ clearly visi})le. (According to A. M. Borievolonsky.) 


surrounding rdief, but ap])ear to accommodate this relief to themselves. 
There is no doubt, however, that the deposition of rock takes ])lace and 
exercises au a])])reciable flattening effect on the relief of the bottom of craters 
as well as of its walls. 

The bright rays can be explained by ejections of matter from the'- crater; 
the longest rays l)eing ;l()rmed by the matter escaping at small angles with 
respect to the horizon, ])ossibly through cracks in the wall of an already 
formed crater, as was assumecl by Bronshten and Chistyakov [4, 12]. 

On the impact of very large meteorites against the lunar crust, the })ro- 
pagation of the shock wave downward to the layer of semi- liquid magma, 
situated beneath the crust, may cause an acceleration of the motion of crust 
matter in the region of the rarefaction wave, generated on transition of the 
shock wave from the solid crust into magma. As a result, the cleavage ot 
an. appreciable mass of the matter will take place under the crater already 
formed below, on the side of magma, which will facilitate the outflow of 
magma outwards and cause lava eruption. In approximately the same way we 
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can consider the mechanism of lava eruptions on impacts of gigantic meteor- 
ites, within the framework of hypothesis proposed by Urey [13] and 
supported by Levin [14]. 
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SOME RESULTS DEDUCED FROM SIMULATION OF 
LUNAR CRATERS 

P. P. SABANEYEV 

Rostov U'niversity, Rostov, U.S.S.R. 

It lia« been repeatedly noted that formations possessing all the attributes of 
lunar craters are produced in a layer of some loose materials, placed on a 
level and firm base, on dropping of a lump — made likewise of a loose sub- 
stance — into such materials. The experiments demonstrate the possibility 
of obtaining in this way individual special features of separate craters, as 
well as their combinations, and of clarifying the origin of many enigmatic 
features of the Moon’s relief. 

Figure 1 shows the picture of a model of a crater produced in a cement 



Fig. 1. Modc^l of a cratop pro(lu(‘,o(l in cH'iinont layer. 
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layer. On this picture we can readily distinguish the basic attributes : ring- 
shaped wall, having locally a fold structure with steep inner and slanting 
outer slopes; lowered inner region with central elevation, and ray ejection 
of matter. Sometimes, particularly when experiments are conducted under 
conditions of reduced gravity, the inner slopes of craters are stej)ped and 
terrace-like. Figure 2 shows the picture of two models obtained in a cement 
layer of greater thickness. These forms have the same basic attributes, but 
qualitatively differ. The diameters of ring-shaped walls are smaller here, 
central peaks expressed very weakly (to the point of being virtually absent), 
internal slopes of ring-shaped walls very steep, and the number of ejections 
is small. These models are obtained in the soil of a varying firmness ; model I 
was formed in a layer the firmness of which increased with depth; model II 
originated in a naturally loose layer. The inner region of the first model is 
nearly horizontal, the radius of its junction with the ring-shaped wall small, 
and the number of ejections in this region negligible. The second model is 
distinguished by the rounded- off shape of the cross-section profile and by a 
slightly greater number of ejections. 



Fee. 2. Two modols obtained in a cement layer of groatc^r thic^kuosH. 


The combinations of craters shown in Figs. 3 and 4, are obtained easily 
by a successive dropping of the lumps. The synchronous drop])ing of two ad- 
jacent masses produces formations as such presented in Fig. fi. Figure (> shows 
the picture of the model of a crater, and Fig. 7 its diagram ; the model was 
obtained in a layer of cement, I mm thick, placed on a spherical base 
{R = 300 mm), by dropping the batch weighing 6 g from a height of 1 '50 m. 
The central angle of the model is 14°. The tops of the ring-shaped wall are 
lower than the central part of the spherical base. This model is comparable 
to Mare Crisium, the central angle of which is equal to approximately 12°, 
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Under experimental conditions, the central angle of 14° constitutes the 
maximum at which the shape of a crater retains reguJar geometric 
dimensions. 

The increase in the weight of dropped material caused the formation on 
the spherical surface of a crater of a greater size with a distortc'd regularity 
of ring-shaped wall. The emerging figures are nearly square or a])proxi- 
mating the polyhedron (Fig. 8). Here the presence of rectilinear wall sec- 
tions, connected into a broken line, and the accumulations of matter at the 
inner slopes (indicated by arrows) are characteristic. We can follow the 
consistent serration of inner slopes and the presence of ray structures on 
outer slopes. 



Fig. 5. Formed by synchronous dropping of two a(lja,(H*nt nuisH(\s. 


The similarity between basic attributes of liina,r crater’s and models 
obtained by the above-indicated method is hardly in doubt. Hence follows 
the advisability of studying in detail the conditions of formation of such 
models, in order to establish the most important circumstances under which 
the major mountainous formations of the Moon originated. 

It was necessary to explain the dependence of the form and dimensions 
of models on such factors as the physical properties of im])inging matter, 
its form, angle of incidence, velocity and size of dropping matter, atmospheric 
medium, magnitude of gravity, and also on mechanical properties of the soil 
and its stratigraphic structure. 
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The series of experiments, conducted according to the above-indicated 
programme, made it possible to explain the following basic features: 

1. The greatest similarity between models and lunar objects is attaiiied 
by dropping matter with a negligible cohesion of its constituent particles. 



Bl CUT RIO (>. 


Even an iusignilicant hardening of the impinging matter is sutHci(mt to 
increase the acuity of the central mound and decrease^ the diameters of ring- 
shaped walls. A further hardening causes disturbances in th.e structure to 
such an extent that they lose their similarity with lunar objeevts. IF, under 
experimental conditions, the impinging matter is absolutely ligid (stcu^.l ball), 
we note the emcvrgence of formations which are comparable only with small 
craters on the Moon, terrestrial metcmritic craters and (explosions cratcu’s. 

2. The similarity indicated above is attained only if the impinging matt(‘r 
possesses the sha;|)e of figiu'es of revolution — such as a, s]>her(% heniis])here, 
cone, and ellipsoid of revolution, provided that their projections in the direc- 
tion of incidence aix^ circular. 

3. The angle of incidence with respect to hoiizoTi (exerts an appreciable 
effect on the structure of the models. Only an absolutely ])er;|)cmdicular 
drop yields a com]:)letely symmetric structure of the cross-se(*tion profile of 
the crater and a uniform orientation of ejections in all dircudions. 
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Formations with an elliptic w^all, which are unstable in form and dimen- 
sions, and the radial ejections in one direction, are produced on oblique 
incidence. At very small angles, the similarity of models to lunar objects is 
lost. 

4. The increment in impact velocity of descending matter causes an 
increase in the diameter of a crater only up to a definite limit. 

5. The dimensions of models increase with the increment in the amount of 
impinging matter. 

6. The experiments in the simulation of craters under vacuum conditions 
demonstrated that the presence of atmospheric medium introduces no 
essential changes in the process of crater formation. Variations in the density 
of atmospheric medium cause only the development or abatement of indi- 
vidual facets of this process. The height and acuity of central peaks, and the 
height of ring-shaped walls, increase with the decrement in the density of 
atmospheric medium. The diameter of ring-shaped walls decreases somewhat. 
At the barometric pressure of 10 mm Hg and lower, the ejections from the 
dropped matter tend to form dense nimbi of short rays directly at the ring- 
shaped wall, and individual spots at a distance from this wall. 

7. The decrement in gravity introduces also no essential variations into 
the process involved in crater formation, and affects only the development 
of its individual aspects. The heights of ring-shaped walls decrease when the 
ground is very weak. The speeds of solid ejections are lower. The curvature 
of ejection trajectoricvs increases. The formation of ground ejections in the 
form of large fragments constitutes a distinctive pecularity. 

8. It was made clear that no powders constituting perfectly loose 
materials — such as, c.g. ground quartz or pure aluminium oxide — can be 
used as a ground material. The models having a satisfactory similarity with 
lunar objects arc obtained only in a ground endowed with properties of the 
solid. Cement, alabaster, flour, lycoiiodium, and other such powders, con- 
stitute loose substances only if they occur in a largo mass. These materials 
are most suitable for simulation, because they possess in a thin layer the 
properties of the solid with a lower firmness. 

The firmness of the ground affects to a substantial extent the structure 
of models. Figure 9 (left side) shows a model produced by dropping alabaster 
into a layer of loose cement. A deep internal region, containing virtually 
all the impinging material, is characteristic here. The ejections in this 
model consist of the matter of the ground. The right-hand picture shows 
a model produced on retention of all the previous experimental conditions; 
however, this model is produced in a ground consisting of alabaster, solidified 
by pressure, on impact of a cement lump. In this case we obtained a crater 
of smaller diameter, and the depth was also smaller. The ray ejections 
involved only the impinging matter. Figure 10 demonstrates a cliangc in 
the profile of the crater’s cross-section as a function of the depth of the soil 
subject to deformation under experimental conditions. 

When all cxi)erimcntal conditions remain unchanged, the diameter of 
models increases with the decrease in the depth of the ground layer, and their 
depth decreases. The central peak is formed in all cases; however, with 
increasing depths of the ground, this peak is insignificant and hardly distin- 
guishable. The dimensions of the j)eak increase with decreasing depth of 
the ground, and the peak acciuircs the character of a major structural element 
of the model. The numbeu* of ejections is small with greater depths of the 
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ground, and the ejections consist only of ground matter. The opposite 
phenomenon is observed at a small thickness of the ground., the amount of 
ejected matter increases, and the content of impinging suhstance in this 
matter is greater. 



Fig. 9. Craters produced (left) by dropping alabaster into loose coinont; {right) l)y drop- 
ping a cement lump into alabaster. 


The presence of a very firm substrate under a thin layer of the soil yield- 
ing to deformation is not a necessary condition for producing the forms com- 
parable with lunar objects. The models having a satisfactory similarity with 
large lunar craters can be obtained also in a thick layer of the ground, 
provided that the firmness of the latter increases gradually with tlu^ depth. 
At the same time, a level (or nearly level) floor of the cratcn' is a eliaracter- 
istic special feature. 

9. The ejection of soil fragments always accompanies the formation of 
crater models. The diagrams of the trajectories of these ejections ai'(‘ shown in 
Fig. 11. The ejections from the internal region of the crater originate^ during 
the process of its formation immediately near the central ])eak, wlun‘e they 
have maximum velocity. The ejection velocity decreases gradually, and 
reaches the smallest value near the terminal edge of the ring-shapcnl wall. 

The angle of elevation of the trajectories of fragments obtaiiu^d under 
experimental conditions was approximately the same, and always mu(*.h 
greater than that of trajectories of ejections of the di’opped sul)stano(\ We 
discovered that a portion of the fragmentary matter has a speed (\xc(HKling 
the velocity of impact of the crater-forming substance. 

The ejection of the ground beyond the limits of the ring-shaped walls 
always produces strictly radial rays. However, these rays are distinctly visible 
only in the immediate vicinity of the crater itself. At a distance^, they 
yield individual groups of deposits and spots of a shallow matter. The large 
fragments, falling into a less firm ground, may produce small secondary 
craters. Under experimental conditions, when the ground and tlu>t impinging 
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matter consisted of cement, »the dimensions of small secondary craters 
constituted most often 0-2 — 2% of the diameter of the major crater. Less 
frequent was the formation of secondary craters with a dimension of 5-0 %, 
and a size of 10-12% was exceptional. The small secondary craters are 



Fia. 10. Chaiigo in profile of (iratH)r crowH-w^ction as a func.tion of (U^pth of soil. 


always formed at some distance from the major crater, and for their forma- 
tion the fragments themselves must have sufficient su])ply of kinetic energy. 

The most remote craters may have their own ray systems. A character- 
istic special feature of secondary craters consists in their tendency to unite 
into groups composed of small, almost exactly rectilinear chains. Figure 12 
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shows the picture of secondary craters. Clearly visible here is a crack, con- 
necting three craters arranged in one line, produced on fixation of the model 
fiy wetting it with water. In order to fix small surface features of the model, 
the latter was whetted slightly by sprinkling. Upon formation of a thin 

(mm) 



Ftg. 11. Trajectoiy of ejoction of soil fragments accompanying crater forniatiou. 



Fig. 12. Secondary craters. 


surface crust the wetting was conducted more intensively until the licpiefac- 
tion of cement beneath this crust was achieved; this liquefaction (uiused the 
cracking of the crust. 

It should be noted that, regardless of the method of producing cracks in 
the layer of soil (mechanical, physico-chemical, etc.), these cracks always 
tend to unite the chain of small craters. The impinging matter forms, on 
its ejection beyond the limits of the crater, straight bands of a finely dispersed 
matter. Under experimental conditions the range of this kind of ejections 
is usually somewhat smaller than the flight range of fragmentary matter, 
which is explained by a smaller elevation angle of trajectories and by an 
increased aerodynamic resistance of finely pulverized particles. This kind 
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of ray begins frequently at a cei-tain distance from the ring-shaped wall. 
The eccentricity in orientation of a portion of rays is revealed almost con- 
sistently. 

Breaks of the wall’s edge cause the formation of unilaterally oriented 
bands of dropped matter. The above experimental material, as well as the 
results of experiments with the hydraulic model which made it possible to 
obseiwe rapidly occurring phenomena in a form fixed for a long time, per- 
mitted setting up the scheme of the crater formation process shown in Fig. 
13. 



Fxa. 13. CroHK Hoction 

(1) Tho coiio of dropped matter. (2) Dropped matter which was deposited inside the 
crater. (3) ISuporficial, deformed ground. 

The mass of imiiinging matter, consolidating and expanding the ground 
layer, produces an initial depression in this ground. A portion of its matter, 
having lost the initial resource of kinetic energy, fonns the central peak. 
The remaining portion of the matter produces a stream radially diverging 
from this peak. Due to the re-distribution of kinetic energy induced by 
imi^act, the speed of this stream turns out to be higher than the speed of 
impact. 

The radially diverging streams, reflected from the bottom of the formation 
and from each other, iwoduce in a weak ground (see thc^ right-hand part of 
the diagi’ain) a ring-shaped chamber in which pressure P is created. A break 
of the upper edge of tho ring-shaped wall occurs in quadrant I under the 
action of this xirossure. The fragments, emerging at tho same time, produce 
ejections and accumulations near tho ring-shaped wall. In quadrant II the 
pressure force P is divided into two comxKmcnts : I — tho force consolidating 
the soil, and T — ^tho force exxianding it, i.e. ])roducing breaking stresses in 
this soil. Upon an impact against tho wall of the ring-shaped chamber the 
imx>inging matter is deposited at the floor of the cjrater, and its i>enetra- 
tion beyond the limits of the ring-shaped wall is negligible. 

The pressure in the ring-shaped chamber decreases in proportion to tho 
amount of used-u]) imi)ingiiig matter and to the increase in diameter of the 
crater. The increase in diameter of the Ting-shax)ed wall is discontinued at the 
moment when equilibrium is established between the dynamic thrust of the 
radially diverging stream flow and the I'csistance of the ground. 

If equilibrium sets in before the crater-forming matter is used up 
the latter begins to accumulate near the ring-shax>ed wall and the 
level of the floor of the crater increases. In this case the conditions 
obtain for ejection of the crater-forming matter beyond the limits of the 
ring-shaped wall (right-hand pai*t of the diagi'arn). The ejections of the crater- 
forming matter may occur also with greater force of its fall and with a 
negligible thickness of the soil, through breaks in the ring-shaped wall. At 
the same time, conditions are created for ejection of fragments of the groxmd 
with a speed exceeding tho speed of the initial impact. 
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Conclusions 

Experience shows that, under laboratory conditions, we can obtain 
models of craters with all the attributes characteristic for lunar objects and 
with the correlation of basic dimensions. By varying the conditions of forma- 
tion we can obtain models which are similar to specific formations on the 
Moon. This indicates the analogy of the general scheme of ])rocesses involved 
in their creation. 

In the crater formation scheme described above we do not detect any- 
thing that might change substantially on increase of the scale of the phenom- 
enon and transposition to the lunar conditions. This is valid for relatively 
moderate speeds of infall, i.e. for a case wherein the impact does not cause 
any substantial changes in the state of the matter. 

Specifically, the conclusions reduce to the following statements : 

1(a) Craters and maria with a clearly expressed x^erimeter emerged as a 
result of the infall of dense, homogeneous and definitely circular masses of 
loose matter. 

(b) Considerable dimensions of craters and a gi*eat range of ejections 
indicate, first of all, the impact of great masses of matter, but cannot bo 
considered as an incontrovertible proof of very high si)eedH of im])act. 

(c) The circular form of the craters indicates that the fall of the matter 
was essentially vertical. A slight ovality of the ring-shaped wall, the irregu- 
larity of internal structure and the orientation of ejc^ctions in any one pre- 
dominant direction indicate possible occurrence of falls inclined to the 
horizon most frequently rather steeply. All this j)oints out that the imj)act 
had occurred mainly under the action of lunar gravity, with a relatively 
moderate speed on the order of 2400-3000 ni/sec. The formation of craters 
was accompanied by an appreciable heat liberation; howewer, explosive 
phenomena could not have taken place at the same time. Only small craters 
with bright rings can be related to explosive formations on the Moon’s 
surface. Precisely these formations turn out to be motphologically eomx)arablc 
with terrestrial meteoritic craters and pits caused by explosions. 

{d) The virtual absence of twin forms with a straight i)artition indicates 
a considerable dissociation of falling masses in K])ace before they have been 
attracted by the Moon. These premises make it possible* to assume the past 
existence, near the Earth, of a large number of small-mass satc'llites besides 
the Moon. The orbits of these satellites were close to th(*i Moon’s orbit, 
which brought about their infall on the Moon’s surface and which caused 
the formation of craters. 

The cohesion of those satellites was insignificant. They (constituted the 
planetary embryo. 

2. An appreciable number of small craters may have emerg(‘d as secondary 
formations. They were produced as a result of fragments Ixdng ejected 
during the formation of large craters. 

3. The Moon’s surface is covered with matter consisting of Jiard rock 
with a lower firmness than the deeper layers. It is possible that the cohesion 
of the surface material increases with dex)th. 

The surface layers in the regions of large craters consist largely of accumu- 
lated and fragmentary matter made coherent by subseepumt ])i’OoesseH of 
mineralization. 

A considerable amount of heat must have l)een released during the crater 
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formation, and a portion of the impinging sul)stance and ground matter 
sliould have melted coinj^Ietely. Hence, we can assume that outer layers of 
the Moon’s surface contain an ap])reciable amount of hardened sj)iash 
<jliondrules. These chondrules may have, upon fracture, a micropoiphyric 
structure, the result of incomplete melting of the initial ground matter. 

4. The formation of craters was accompanied by the ejection of fragments 
of surface rocks into inteiplanotaiy space. We can assume that a consider- 
able poiiiion of chondrite-type meteorites may have originated in this way. 

5. Individual special features of the structure of each lunar crater are 
explained first of all by stratigra])hic conditions existing, in place of its 
formation, mechanical properties of rocks and, possibly, by the influence of 
atinos])heric medium. The individual featui*es of the crater’s structure are 
finally determined by the state of tectonic conditions in the locality where 
the crater was formed. 
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PROCESSES ON THE LUNAR SURFACE 


T. GOLD 

Cornell University, Ithaca, N,Y., U.S,A, 

The coloration of the Moon in light and dark areas requires a remarkably 
specific interpretation and is therefore a good starting point for the dis- 
cussion of processes on the lunar surface. It is generally true that the high 
ground is light and the low flat ground is dark. Generally the ray material 
ejected from craters both in the high and the low ground is light (there are 
a few exceptions). The light ray material is present only in association with 
craters judged youngest on all other evidence, and it must therefore be 
supposed that such ray material does not show on the surface for long, 
compared with the age of most features. 

Most simple interpretations of these effects run into difficulties. If, for 
example, it was supposed that the darker material was lava which had filled 
the low ground, then it would bo necessary to suppose that infalling meteor- 
itic dust had not obliterated that distinction of color. The only way it could 
have failed to do that would be by removing through evaporation more than 
it supplied to the Moon. This is a possibility stressed by F. L. Whipple; I do 
not believe it to be the case. One would then have to suppose that the ray 
material is also removed in the course of time, to account for the disappear- 
ance of the older rays. Why then is ray material in the dark ground — 
supposed lava in this explanation — ^just as light as the ray material in the 
highlands^ 

Both highland and maria ground would in this case have on their surface 
pulverized material dtie to the destruction from the small-scale impacts, and 
such material would nevertholoss have to appear darker where it is “ lava 
than whore it is highland ground. Why then does the other finely powdered 
material making up the rays not maintain a similar distinction? 

If, on the other hand, the infalling material adds more than it evaporates 
(as I think more lilcely in accord with a theory of origin by solid accretion) 
then the conclusion has to bo avoided that it all will be covered with a layer 
of uniform material. Even the present rate of infall, which presumably is 
lower than the rate has boon in the remote past, would already suffice to do 
this in a few million years. Such a conclusion is clearly ruled out unless 
there arc other processes which all the time make for a differentiation between 
low and high ground. 

It seems that a satisfactory explanation can be found only if one allows 
the possibility of transportation of material over the lunar surface. In that 
case the following sequence of events may take place: material may con- 
stantly be removed from the high ground, presumably in finely powdered 
form, and migrate to the low ground. All the ionizing radiation from the 
Sun and the particle bombardment which the Moon receives is absorbed in 
a very thin layer of material on the suiface, and this material therefore will 
show very substantial radiation damage. It is known that most silicates 
change to a darker color as a consequence of such crystallographic damage. 
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If the dark color is now attributed entirely to radiation damage, then those 
areas whose material has longest been exposed on the surface will appear 
the darkest. On the slopes of the highlands fresh material would constantly 
be exposed as the erosion proceeds. On the low ground the top layer will be 
composed of material which had been on the surface for the ])criod of at least 
its entire migration. Ai’eas of sediment would therefore ho dark, eroding 
areas would be light. The rate of infalling ineteoritic powder would have to 
be low enough by comparison with the surface migration so as not to domin- 
ate the coloration. 

The appearance of the rays can then also be explained. They would 
now be composed of the same basic mateiial, only in a different physical 
form on the low ground and the high ground. It is therefore not surprising 
that an explosion throwing out ray material will generate rays of similar 
coloration. As in the process of the explosion the finely divided material 
certainly gets heated, probably to the vicinity of its molting x)oint, any 
crystallographio radiation damage which it may still have possessed would 
disappear, and the light color would result in each case. The same process 
of radiation darkening will then suffice to assure the disappearance of the 
rays at a faster rate than any other physical process that can be discerned 
to have occurred on the lunar surface, and this is clearly what is required. 

Since no other way has been suggested of accounting adequately for tlie 
coloration eiffects, it seems that one has to take account of surface trans- 
portation and investigate both its consequences as well as the i)rocesses that 
could give rise to it. 

The lunar formations strongly suggest that a process of erosion has taken 
place that has greatly reduced the height of older formations. This reduction 
in height may in some cases be as much as 4 km, but for the great majority 
of crater formations the amount missing, compared with now craters of the 
same diameter, is much less than that. I have elsewhere stressed [I, 2, 3J 
the importance that electrostatic forces may have for transporting finely 
powdered material downhill and I have considered the x)f>ssibility that all 
low flat ground may be the consequence of the deposition of material trans- 
ported from the high ground. The type of erosion process that would then 
be required would have to be one that characteristically causes very fiat 
deposition, for the Moon shows quite generally a remarkably abrupt division 
between the low flat and the high rugged ground. The erosion process nnist 
therefore have the property of transporting particles with almost zero 
limiting friction, so as to make flat deposits. On the other hand, it must be 
an extremely slow process working at a rate of denudation of the high 
ground of considerably less than one micron per year, if an ago of 4 or 
5 billion yeaxs for the older features of the Moon is assumed. 

In general in an erosion process one can discuss two x^hasos, namely the 
liberation of a particle into the transportable phase, and the actual trans- 
portation mechanism. What we would require for the erosion on the Moon 
is that the bottleneck should be in the first process. Particles should not 
easily be made available in a transportable fonn, but once they are so 
available the transportation mechanism should take them to fill in any local 
minimum of height, even if the approaches to that minimum possess only 
extremely slight gradients. A “ fluidization ” process is required in which 
the material that is fluidized is very fluid indeed so as to fill in low regions 
almost as flat as a liquid would have done, but where on the other hand only 
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a very small amount of material is at any time put into this extremely fluid 
form. As we shall see electrostatic processes are of the kind that can do 
just that. 

We have investigated many actions that may be responsible for the 
transportation of material over the lunar surface, and electrostatics seems 
by far the most important. Thermal variations, radiation jn'cssure, forces 
arising from traces of gas, cycles of evaporation and condensation, all these 
would seem in the present circumstances to be unimportant agencies com- 
pared with a variety of electrostatic effects that must be expected. 

In no case could substantial amounts of material be moved as largo 
pieces, and the transj)oitation must certainly bo preceded by a destruction 
into fine powder. Meteoritic impacts will certainly do this, as will also the 
radiation eifects if the dust ])roduccd is constantly swej)t away and therefore 
does not give protection. It may even be that dust is an original major 
constituent of the Moon, which of course will have been tightly compacted at 
some depth but may not have’ been subjected to any great compaction or 
heating close to the surface. In any event dust is likely to bo common on 
the Moon’s surface and the thermal measurements certainly rec{uiro a 
material of low thermal conductivity and low volumetric specific heat, which 
would fit well with dust. 

Light as well as the harder radiations and the particle bombardment 
from the Sun all cause the emission of secondary electrons on the surface. 
Electrostatic effects can then ])e ex])cctcd. They will be limited to ])heuomena 
on a scale small compared with the Debyo length in tho resulting electron gas, 
or the general solar system plasma, while on a scale larger than this all 
electrostatic effects will be shorted out. The Debye length in the densest 
electron gas that may be ])roduced above the lunar surface would still be as 
large as some centimeters, and it is certain that small dust x)ai*ticleH will 
therefore acquire (|uite eri*atic charges which are not immediately discharge^d 
by the surrounding ])lasma. Two processes (ian then be distinguishc>id that 
would cause surface creep. Firstly it will occur that neighboi'ing ])iirticles 
will acquire a large charge of similar sign in the course of these (erratic charge 
distrilmtions, mainly caused by the sunlight and the i)hotoeloctri(i effect. 
Two such particles may then jump aj)art if they are not too firmly welded 
to each other. Such a ])r()oess of “ electrostatic hopping ” may teml to move 
particles frocpicntly and make tJiom jiunp a little way. Tho statistical conse- 
quence of such h()])])ing as of any other surfa<ie agitation would of course bo 
a transportation downhill. 

An estimate of the effectiveness of such a process can be made as follows: 
If tho photoelectrons had a moan energy of say I eV, then tho departure of 
the i)otential of one j)article from the mean will occur in a random way 
until it has reached a substantial fraction of I V. Within one-tenth of a volt 
the addition and subtraction of electrons at random but statistically (^Cjual 
rates will make it a simple random walk ])roblem. For a particle of a size 
of 10 ju, the removal of 1000 electrons will imply a ])otential of about one- 
tenth volt. At a rate of emission of eleetrons/cni*-^ sec tho removal of 
say 200 electrons by this statistical j)rocesH would occur on an average once 
every 4 seconds, and since any particle will sx)eiid a substantial fraction of 
its life, namely nearly half, at a positive j)otcntial exceeding ono-toiith volt, 
any pair of particles may jumi) every 1,0 seconds. For this case tho force 
separating them initially would bo 2-5 x 10 dynes, which is considerably 
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in excess of the weight of such a particle, and is a force that would have to 
be compared with any possible slight adhesion between neighboring 
particles. 

An electrostatic process that may be of considerably greater iinpoitance 
for the surface transportation is one of electrostatic “ gliding l^his occurs 
in the following way: the constant emission of electrons from the Moon’s 
surface will produce a distribution of potential whci'cby the body of the 
Moon itself is at a potential of several volts positive, surroundod by a space- 
charge of electrons, mostly in transit between emission and retui*n to the 
lunar surface. The outer fringes of this space-charge cloud apj)roach zero 
potential — ^the potential at infinity. 

One can follow the usual discussion of the potential distribution in a 
thermionic space-charge. For an emission of 10^^ olcctrons/c.ni*^ sec the 
space-charge cloud would be confined almost entirely to a height of less 
than 2 cm and most of the potential gradient would occur within the first 
few millimeters above the surface (for a smaller rate of (unission those 
dimensions would be larger). The total potential to which the Moon will in 
fact be raised is hard to estimate, since it depends critically on the density 
and temperature of the solar system plasma in its vicinity, but it can safely 
be predicted to be betw^een 3 and 30 V. For the iwosent discuHsiou it is only 
the potential gradient close to the surface that matters and this is only very 
insensitively dependent upon the value of tliis potential, llic distribution 
of charge and potential near the surface is given by the grcMit numlxu* of low 
energy photoelectrons while it is only the manner in which the spact^eharge 
and potential tails off far away that is dependent on the* few high em^rgy 
photoelectrons (Fig. 1). 



Fig. 1. A schematic diagram to illustrate the distribxiiion of pot init ial ahovi* t.h(' lumir 
surface. Whether the potential of tho Moon is raised to I'l or Pa or Pa (1o<*h not iiiTcn't 
significantly the field near tho surface. Tho near field is det-enniiKnl by t Ik* larger munh<*r 
of low energy electrons released from tho surface by ])hr)t.(>*<^nect» or IxanbardriKnit. 
The far field and the total excursion of potential are di^termiiK'd by a wnuill nuinb(»r of 
high energy electrons and a current bringing in clcctroiiH from thi* g('ii<‘rnl ambii*nt 

plasma. 


An estimate of the potential gradient just alxivo tho surface’s that tho 
space-charge may produce would be in the neighbourhood of 3 V/inin or 
a field of one-tenth esu. Any dust grain which is lifted sonic^ millimeters 
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above the surface for any reason whatever may then experience a force large 
enough to cause it to float. With 100 electrons missing from the dust gi*ain, 
which will be a very common situation, it would experience a force of 
5 X 10 “9 dyn^ sufficient to float particles of 1 x 1 x 10 /z. in size. Sub- 
stantial ly lai'ger charges than this can be occurring frequently, and the 
process may then work with lower rates of electron emission. 

If any disturbances occur on the surface that release and lift up dust 
grains such as the impacts of micrometeorites, or the electrostatic hopping 
discussed earlier, then the gi'ains that are so lifted up will find the potential 
gradient insufticiemt to sui)])ort them anywhere except in a very thin layer 
above the surface. If a particle was lifted up to a great height then it will 
no doiibt fall back to the surface with the eleetric effect unable to an’est its 
momentum. But if it had been lifted up to a height not greatly in excess of 
that at w'hieh it could float, then it may remain suspended. 

Any slope on the Moon’s surface will now cause such a floating particle 
to glissade downhill. It will bo supported above the surface everywhere, but 
there wdll be no force whatever resisting the component of gravity parallel 
to the inclined surface, and the particle will thus make a frictionless descent. 
The distance to which it can go in this way must he limited in practice by 
the roughness of the gi*ound, for in this frictionless glissade it will soon 
acquire a sj)ee(l W'heio even a slight undulation of the ground will bo sufficient 
to imply inertial forces wdiich will exceed the electrostatic support. Particles 
will thus be ])reeipitatcd in such places and it is probable that this will in 
general result in the smoothing out of slopes and the filling in of all small 
depressions. This glissading process would make it possible for the low 
n'gions to b(^ filled in very nearly accurately flat, for the particles that are 
lifted will th(*re (ioutimie their frictionless flow even over the slightest 
gradients. As have seen earlier the intor])retation of erosion and deposi- 
tion wotild recpiire jtist such a flow of material where at any time only a very 
small quantity was bcMug traiis])ortod but where the fluidity of the material 
in transit is extroitioly high. 

Th(^ thermal data whi(?h are now available from radio thermal moasuro- 
ments apjK'sar to lit th(’i dust hyi)<)thosiH of the lunar surface very well. The 
U])pennost layc^r may be (lomposed of material that has a density of between 
on(“!-third ancl one-sixth of the compact solid, with a gi'ain size in the general 
range between 1 and 10 /x. The slight welding that occurs commonly (though 
not always) at the eontacit j)oint between two grains when their surfaces are 
free from julsorbed gases, will in fact allow a very loose structure to be Iniilt 
iij). In the ahs(^nee of such welding the dxist grains would tend to slide closer 
tog(^th(‘.r and i)a<*.k mores tightly, while in the vacuum case many particU^s 
will remain suj)])oi*t.ed when they first make contact and a fluffy, vary coin- 
])ressible structures is likely to rt^sult. On the mare tyi)e of ground all w'ould 
be dust only a(*,(‘.ording to the ])resent inter])Totation. On the highlands most 
of the Kurfac!e would also be (lust, but a certain fraction of denuded more 
solid makTial must be showing tlirotigh at all local high spots. Oix a scale 
of e(mtimot<‘.i*s thc^ ground must bo exj)octcd to have bcem rough enoxigh to 
assure thc^ c^xisten(‘c of v(Ty many local minima of height. Since all those 
must g(^t filled xq) before a further transportation of dust downhill can take 
l)lace, it is likt^ly that a large jiroportioii of the gx'oxind there would bo filled 
to a height of at least a few centimeters and possibly more. Even thoxigh 
most of the highland sxirface would also he dxist in this cxiilanation, it would 
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generally be dust that had only suffered a short surface exposures and now 
material would constantly be exhibited. All this is therefore still lighter 
than dust that has come to be deposited in the lowlands and is no longer 
stirred up and turned over. 

The radio thermal data quoted by Salomonovioh support the conclusion 
— quite contrary to any lava hypothesis — ^that the mare type of ground is the 
one of the smaller heat conductivity. This is what would be exp(H?ted if the 
high ground had a mixture of dust and solid material on the surface or if 
the solid material was generally present at a shallow depth, whiles on the 
low ground the dust was generally deep. 

The interpretation of the lunar features in terms of dust is hy no moans 
in conflict with cracks and steep slopes that are seen in a few placitw in tho 
maria. On the scale on which such things can he seen at ])r(\st^nt —about 
1 km — ^the dust would certainly be compacted and it would hav(^ enough 
internal friction to allow vertical slopes to be exposed. Tlu^ (u>nun<)n forma- 
tion of rills that are circumferential near tho edges of th(% maria (lould bo 
accounted for by the compression of the dust deposit as morcj and more 
dust is sedimented. The dust layer would sink most where the dust is dtH^pest, 
which is likely to be in the middle of a mare, and this distortion is in tho 
sense of stretching the surface most in tho vicinity of tlu^ jxTiphery where 
rills would therefore be expected to appear in a peripheral patt.(\i*a. 

Eadio thermal measurements have now shown that th(^ c-rust of tlio 
Moon below the diumally varying layer is at a tomi)cratur(^ of 25 to 30®0 
below the freezing point of water. This leads to an interesting (u)nse([utm(JO, 
If the Moon was initially composed of hydrated silicates like the Ifiarth, thou 
the release of internal heat will have caused water or water vapor to p(n*(W)lato 
towards the surface. In the case of the Earth such water (^ould (M)m(^ freely 
through all the pores of the ground and accumulate there to tnal«^ tlu^ (xhmiuh. 
In the case of the Moon the situation is quite different. Noi. only would any 
water reaching the surface quickly evaporate into s|)ace and Ix^ lost, but 
there is also now a different process of percolation through thc^ ground. That 
layer in which the temperature is below the freezing ])oint of which 

is likely to he more than 1 and less than 10 km thick, would l>lo(^k t he (‘s(;apo 
of water by freezing up all interstices. Water could esca})e t-o the surface in 
large cracks in which it flows sufl&ciently fast not to bo coohxl to tlu^ t(Mnpera- 
txare of the surrounding material, but all tho fine cracsks and gaps in tho 
material will be filled with ice. At a depth that may Ix^ estimat.e(l of tho 
order of 30 m, the evaporation to the outside will keep the ground free from 
ice, hut below that depth the evaporation would he extremely slow so that 
even a very slight rate of supply from beneath woxild com])eiisatc>. It is hard 
to escape the conclusion that there is a general ice-table in tlic^ lunar ground, 
for extremely slight rates of liberation of internal watc^r woukl havc^ be(jn 
sufficient to form it. The existence of such an ice-table will of tu)TH‘se Ixxiomo 
an important topic for lunar exploration in the future. 

There are some lunar formations which arc hard to ac.eount for by the 
processes of meteoritio impact and surface erosion, l)ut whi(?h suggt^st that 
some internal motion has taken place. It may bo that the water below tho 
surface, the internal glaciation as it were, may be responsible for some of 
these features. 

The author is grateful to the General Motors Corporation for Hupi)ort of 
this and associated experimental work. 
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LABORATORY SIMULATION OF LUNAR LUMINESCENCEf 


J. E. GBAKE, H. LIPSON, M. D. LtJMB 

Physics Department J Gollege of Science and TecJmology, 

Manchester f England 

Work has recently begun in the Physics Department of the Manchester 
College of Science and Technology on an attempt to simulate lunar luminesc- 
ence in the laboratory. This xn*ogrammc is ninning parallel with that of our 
colleagues in the Manchester University Astronomy Department, who are 
making obseivations of the luminescent spectioim of the Moon itself. Our 
instruments are as yet only partly completed, but we will describe briefly 
what they are to consist of, in the hope that we may benefit from the com- 
ments of others in the same field, and arrange to co-ordinate our work with 
theirs. 

The instrument is to consist of thi*ee parts ; a small evacuated chamber 
in which dust or rook samples may be x^laced, equipment for exciting lumin- 
escence, and a recording photoelectric spectrophotometer for investigating 
the luminescent spectrum. 


Excitation Equipment 

Provision is being made to excite luminescence by means of cither UV 
radiation or corpuscular beams (protons of 10-120 keV and possibly elec- 
trons) ; X-radiation may also be used. 

The UV excitation equipment is practically complete, and consists of a 
choice of two lamps : (r^) a hydrogen lamp, which gives a continuum between 
2000 A and 3500 A and is followed either by filters giving ciude wavelength 
selection over 500 A bands, or by a small monochromator (EQlgor D290) 
giving bands a few A wide; (6) a mercury lamp followed by filters, giving 
radiation mainly at 2537 A. 

The proton source, construction of which has started, will consist of a 
hydrogen-ion source copied from one at Birmingham University, a high- 
voltage supply variable from 10-120 kV, and a single-stage accelerating 
tube consisting of a Pyrex glass cylinder suppoiting the accelerating elec- 
trodes. The ion source will bo BiE excited, and supplied with hydrogen gas 
through a nickel leak. A bend in the system between the poles of an electro- 
magnet, just before the sample chamber, will enable protons to be selected 
from the impure ion beam. The proton beam will bo used at a density 
(about 10®/oc) which simulates the solar proton stream received by the Moon. 

The high-voltage supply will bo the smoothed output of an RF oscillator; 
the output polarity will bo reversible, so that electrons from a filament source 
may bo accelerated as an alternative form of excitation. 

tSupported by Contract AFC 1(052) -379 botwoon tho Dopartnxont of Astronomy, 
University of Manchester, and tho Geophysics liosoarch Directorate, Air Hescarch and 
Development Command, U.S. Air Porco, through its European office in Brussels. 

Ul 
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Optical Equipment 

The luminescent vspectmm will be investigated by means of an f/i) Ebert 
grating monochromator, which is nearly complete, and is shown in Fig. 1. 
It is of four-poster construction, with a single 14-in. spherical mirror of 
72 in. radius of curvature lying on its back on a nine-point sup])ort on the 
base plate. The grating is suspended from the top ]:)late on a pa.ir of kine- 
matic pivots made from 1-in. steel bearing balls. The entrance and exit 
slits are symmetrically placed on either side of the grating, and mounted in 
focusing tubes. A series of pre-set fixed slits are used, which locate kine- 
matically when interchanged. The spectrum is to be scanned by tilting the 
grating by means of a lever and micrometer drum. The drive for this, which 
will consist of a synchronous motor and change gears, has yet to be made. 



Fig. 1. An f/9 Ebert grating inoiiochi-oniator. 
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A mirror will direct the light from the samjde to the entrance slit of the 
monochromator. Two photomultipliers will be attached to the mono- 
chromator: one to the exit-slit mounting, to scan the spectrum as the wave- 
length passed is varied, and the other so as to receive a sample of the un- 
dispersed light just after the entrance slit. 

The grating to he used is a 5 in. x 4 in. Bausch and Lomb replica with 
1200 lincs/inm and blaz.ed at about 26°, or 7500 A in the first order. This 
enables the range 3500 A to 11 000 A to be used at reasonable efficiency in 
the first order with a dispersion of about 12*0 mm/ A (8 A/inm), and up to 



Fro. 2. Electronic cquipint'nt. 


P’ 
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about 5500 A in the second order with double the dispersion. Tliis large 
grating is used to obtain a high lumiaosity (as defined by Jacquinot) : the 
potentially high resolving power is not needed for the present luiniiiescenoe 
investigations, but is a useful by-product which may be used for other pur- 
poses. 


Electronic Equipment 

The electronic equipment is virtually complete, as shown in Eig. 2, and 
consists of a two-channel photometer and a ratio-taking recorder. One 
channel will scan the spectrum while the other monitors the undispersed 
light to remove the effect of source fluctuations. The detectors to be used 
alternatively are pairs of EMI 6266 or 9558 photomultipliers, each followed 
by a no amplifier. A potentiometric recorder has been modified to take ratios. 
A separate three-channel recorder monitors the two channel out])uts and 
repeats the ratio alongside. 


Other Equipment 

The sample chamber and corpuscular beam source will bo cvaciiatcd (to 
about 10“® nun of mercury) by a 2 in. oil diffusion pump. Provision is being 
made for either heating or cooling the sample, and for measuring its temp- 
erature. The incident corpuscular flux will be measured by means of an 
ionization chamber, with a grid to repel secondary emission. 

The work described is being carried out under contract with the USAAE 
to whom we are grateful for funds. We are also grateful to Mr. J. McConnell 
for constructing the mechanical parts of this equipment, and to the Man- 
chester College of Science and Technology for providing facilities. 



LUNAR LUMINESCENCE^ 

J. r. ORAINGBR, J. KING 

Department of Astronom>y, TJnivevaity of Manchester, England 

Photometry of the penumbra of lunar eclipses over a considerable number 
of years has shown an excess of light over that which can be reasonably 
explained as an effect of the Earth’s atmosphere. Linlt [1, 2] introduced 
the hypothesis of surface luminescence on the Moon and showed that it 
could account for the eclipse phenomenon. However, it is clear that eclipse 
observations cannot be used to investigate the detailed spectrum and distri- 
bution of the luminescent regions. A more powerful approach was suggested 
by Link [3] which has subsequently been called the “line depth ” method. 

Let us suppose that in the wavelength inteival A to A+dA, the flux of 
solar energy at the Eaith’s surface is I(X)d\. A Fraunhofer line at wavelength 
Ao will show up in a graph of /(A) against A as indicated in Fig. 1(a). Let us 
define the depth of the line as 

^ Deepest level 

Continuum level 

In the case of the Sun we have 

h 

Ks - ( 1 ) 

a 

In the absence of luminescence, the light received from the Moon is simply 
the sunlight incident upon it, attenuated by a constant factor r. Thus, in 
the lunar s])ectruin, the same lines will api)car with the depth 

rb 

ra 

However, in the presence of luminescence, there will be an additional amount 
of light, k, which we may suppose constant over the width of the Fraunhofer 
line; for even if the himinescence spectrum has the usual band structure, 
these bands are likely to bo at least fifty times as wide as the Fraunhofer 
line (see the dotted lino of Fig. 1 (&)). In this case the depth of the lino in the 
lunar spectrum will bo 

rh-\-k 

“ T" ^ ^8^ (3) 

ra-^k 

We can express the amount k of luminescence in terms of the continuum 

fAstronoinical Contributions from the TTnivorsity of Manchester, Series III, no. 88. 

{Supported under Contract AF61(052)-378 between the Department of Astronoiny, 
University of Manchester and the Geophysics Research Directorate, Air Resoarcli and 
Development Command, U.S. Air Force, through its European Office and by a grant 
from the D.S.I.R. 
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level in the absence of luminescence (a simple relation exists between this 
and the observed continuum) by means of the dimensionless parameter p, 
defined by 

Jc = pra, (4) 


If so, equation (3) becomes, 

b -h p(l Us + p 

Hm ~ ~ • 

a(l+p) 1+p 


( 5 ) 




Fio. 1. Frauiiliofor line in t.ho apoctrum of {a) the Sim (h) (.|u^ Moon 
(with luininesconco). 

the solution of which gives 

— 1 


( 6 ) 


Thus measurement of JR® and Rm is sufficient to give the fractional 
luminescence. 

Observations have been made using this method by Dubois [4] and 
Kozyrev [6]. The former used a variety of solar spectrographs of different 
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dispersions and has taken many plates of different lunar regions, but 
restricted his observations to five prominent Fraunhofer lines in the visible 
spectrum. Kozyrev, on the other hand, using a single low dispersion spectro- 
graph (50 A/mm at 3900 A) has observed several points on the Moon, but 
only in the H and K lines. This makes it difficult to compare the results 
obtained by these two observers; however, they have both found evidence 
for the existence of luminescence and have also reported time-variations in 
its intensity. 

Both these observers used photographic spectrographs and did not seem 
to have considered fully the effect of inherent errors in photometry on their 
derived luminescent intensities. Since these intensities amount frequently 
to only a few per cent of the continuum, it is necessary to perform a detailed 
analysis of the photometric accuracy required from an ideal instrument 
before more meaningful results can be obtained. 

A consideration of equation (6) assuming errors of SRm and BRs in R^ti 
and Rs leads to an error Sp in the percentage luminescence given by: 

V = (J^)V+p)^8R„,2+SJi,2], (7) 

\ 1 — Rs / 

which reduces to 

(7)'- 

where / is the fractional eiTor in Rm and Rs — i.e., 

BRffi = f ,Rm and ^Rs “ / -Rs* 

With a i)h()t()graphic spectrograi)h there are several sources of error contribu- 
ting to BRni and SRs- Kozyrev’s work showed that the Eberhard effect may 
lead to a spurious change in line depth. In any event, the accuracy in a 
measured intensity from a single plate will seldom bo better than 5%; and 
the lack of dynamic range in the ])hotographio process may give larger errors 
at the bottom of a deep line. If we accept the accuracy of 5% in an intensity 
measurement, then a ratio can be measured at best to 7%. 

It is clear that, for a significant difference of line-de])th, the ratios Rm 
and Rg nuist differ by at least 2BR, This leads to a minimum detectable 
luminescences 


Pmi7b — 


(hURs 

7-1.14/^' 


(*>) 


Thus values of Eg of 0*1, 0*2 and 0-5 give pm\n f>f l'f5%j 4% and 10% 
respectively. Even the detection of a ty|)ical luminescent intensity (^10%) 
necessitates the use of solar lines with at least 00% absorption at the resolu- 
tion em])loycd. 

However, equation (8) j)Cjrmits us to calculate the fractional error in p 
as a functon of p and Rg, Tyx)ical values are given in Table 1. 

It is clear from this that the above minimum detectable amounts will 
not, in fact, bo of any value quantitiitively owing to their largo uncertainties. 
They should only be recorded as “ luminescence detected, but not accurately 
measurable ”. 
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Table 1. Table of Fractional ErroiB in p 


Rs 

pin% 

0-1 

0-2 

0-3 

04 

0-5 

0-6 

6 

0-29 

0-59 

0-76 

> 1 

> 1 

> 1 

10 

0-19 

0-35 

0-65 

0-82 

> 1 

> 1 

15 

0-16 

0-27 

041 

0-60 

0-88 

> 1 

20 

0*15 

0-23 

0-35 

0-50 

0-72 

> 1 


If, however, we can somehow make the error in Rs negligible in comparison 
with that in Rm — ^which should after all be possible, since the solar lines do 
not fluctuate and can therefore be measured many times — ^then the expression 
for Sp becomes: 


Sp = 


(1+p)- 






( 10 ) 


which on being expressed in terms of SR^iIRm becomes 


Bp = 


(l+p)(/>-f -K«) / S-Ry/jX 
1 —‘Rs \ Rm / 


( 11 ) 


If we can also increase the accuracy of Rm to about 1^% then we can write 
the fractional error in p as : 

Bp 3(1 H-p) p’\‘Rs 

— = — — . ( 12 ) 

p 200p l-7e« ^ ' 

Substituting typical figures again of p = 10% and Rs = 0-1, wo obtain 



P 


i.e. a luminescence of 10% can bo determined as 


(10 ±0-4)% 

using a line of depth 0-1. With the previous method, the fractional error 
was about five times larger (see Table 1). 

Even a luminescence of 1% can be found with a fractional error of about 
0*2 using a line with jR® = 0-1 whereas previously it was below the limit of 
detectability. The very act of observing the lines produces an apparent 
profile which is shallower than the true one, owing to the finite ressolving 
power of the spectrometer. Whilst it is easily shown that the apparent 
profiles are still related to the luminescent intensity by the same equation, 
this effect necessarily increases the uncertainty in the result. Thus the ideal 
•spectrometer should be more than adequate to resolve the narrowest line 
of interest. The only possible way of achieving these im])rovements, and 
also removing the severe limitations on dynamic range which the photo- 
graphic plate presents, is to use a spectrometer of high dispersion with a 
photoelectric device as detector. An instrument incoq^orating these ad- 
vantages will be described below. 
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The observations described above have been used to arrive at a specifica- 
tion for an ideal instrument to observe lunar luminescence. If the spectrum 
is to be explored thoroughly, many lines must be studied ; and to allow reason- 
able photometric accuracy, the spectrometer should completely resolve them. 
This suggests an instrumental profile of about 0*2 A, which should correspond 
to the smallest details seen on the Moon — i.e. the slit should subtend about 
one second of arc on the sky. If the luminescent intensity is only a few per 
cent of the scattered sunlight, the photometry must not have errors greater 
than 1%. 

Let us consider an idealized astronomical spectrometer as shown in 
Pig. 2. Light from the telescope mirror (diameter JDo) forms an image in the 



Slit 

(s,/y) 


Collimator 


Dispersing 

element 

d^ 


Fic3. 2. Idoalissed ustronoiniool spectroinotor. 


plane of the entrance slit. The size of this image will be the product of the 
focal length (Fq) of the telescope and the angle subtended by the object 
(the detail on the Moon being investigated). Lot S and H represent the width 
and length of the entrance slit, Fo the focal length of the collimator and 
Be the aperture of the dispersing element. The angular dispersion dd/dX 
of this element is represented by i). The wavelength range given by the 
slit width will bo 


d6 ^ ASf 

7 ) "" TJ)' 


(13) 


The region studied on the Moon will be rectangular, with sides of angular 
extent 


// 


a.// = 






(14) 


If one wishes to study the lunar surface in the greatest detail, txs and aj^ 
will both be about one second of arc, but for ceiiiaiii features (rays, for 
example) the slit may be placed along the object studied with a consequent 
increase in permissible slit length, resulting in a gi*eater signal. Equations 
(13) and (14) lead to the relation 

FcD F() cLs Bo 

SA or jD = — . — = — . 

Fo SA Fc SA Be 


CCS = 


(15) 
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assuming that tho focal ratios of telescope and collimator are ecpial. The 
flux of light 9 from this object must be as high as i) 08 Hiblc to allow a short 
time of observation. 

If B is the brightness of the lunar surface (in photons/A/sq cm/scc/ster), 
then 


q) = ^Do^Bois(x.H^X. 

If we fix ois = oLH and 8A at one second of arc and 0-2 A respectively, we see 
that (if D is expressed in seconds per A) 


^0 


D = 5 or D.A = SDqj 

(17) 

Dc 


Btt 


(p = — 

^ 20 

(18) 


Thus the flux of light will increase with the area of the tc?»lesco])o mirror; 
but to match a given telescope we shall need to reach a certain jn'oduct of 
diameter of dispersing element and dispersive power. If we consider a 50-in. 
mirror, we find that a grating of about 4 in. diameter with a blaze angle of 
approximately 30° is required. 

It has been shown that the low photometric accuracy of the })hotographic 
plate makes it of doubtful value in these observations. However, the photo- 
multiplier cell can easily give an accuracy of 1%; and since the number of 
spectral elements to be investigated is only of the order of one oi* two hundred, 
its overall sensitivity will be comparable with that of the plate. The photo- 
cell will be about one hundred times more sensitive, Init the spectral elements 
must be explored sequentially and not simultaneously as with the jfiato. 
The dark current of tho cell will set the limit to the flux required; but the 
following calculation shows that, with the instrument considt^red, this flux 
is sufficient. The Moon can be regarded as having a brightness of +3"^ -5 per 
square second of arc. One may assume a flux of some I -2 x lO*'* photons/sec/A 
from an object of this size and brightness into a 5()-in. mirror, leading to a 
rate of 2*5 x 10^ photons/sec into 0-2 A. If the cell has a (|uantiiin eflici(‘ncy 
of 10% and again of about 10® we may expect a photo-current of 4x lO 'i-® 
amp at the collector, as c()mj)ared with a dark current of the order of 10 
amp from a selected cell cooled with solid carbon dioxide. An integration 
time of 10 sec will reduce photon shot noise to below the assumed uncertainty 
ofl%. 

This calculation suggests that a d.c. amplifler and recorder can be used 
to display tho line profiles as the spectnini is scaniu^d across the exit slit of 
the spectrometer. Previous experiments have shown that the worst problem 
with such a photoelectric monochromator arises from scintillation; but with 
an extended object this is unli]^:ely to cause trouble. In any cas(‘, the difficulty 
can be overcome by taking the ratio of the intensity measurcMl at the exit 
slit to that entering the spectrometer. 

On the basis of this analysis we have constiucted a photo-electric spectro- 
meter specifically to investigate lunar luminescence, using the f/5 Newtonian 
focus of the 120-cm telescope at Asiago. The dispersing element is a Bausch 
and Lomb grating (135 x110 mm No. 33-63-18-36) used with spherical 
mirrors (Pig. 3). The Newtonian arrangement was introduced after earlier 
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experiments had shown that ojff-axis systems — even the Ebert-Fastie 
mounting — ^introduced severe loss of resolution due to aberrations consequent 
upon the use of this high relative aperture. The theoretical resolving power 
of the grating is 320 000 in second order, leading to an instrumental width 
of 0 '01 A at 4000 A. Since it normally operates with equal entrance and 
exit slits equivalent to 0*2 A or more, the instrumental profile is triangular, 
with good siij^pression of the wings. The focal length is 660 mm, giving a 
dispersion of 6'6 A/mm at 3900 A. The optical components are mounted on 
a magnesium alloy base])latc. The spectral region of interest is first selected 



Fio. 3, Lununescence speetrometor. 



Fki. 4. If and K linoB in the 8i)octniin of moonlight. 

by turning the grating, and then the spectrum is scanned across the exit slit 
by rotating its Newtonian fiat. This rotation is effected by means of a 
motor-driven micrometer screw which bears on a 600-mm arm attached to 
tho small mirror sui)poi’t. A photomultiplier cell is mounted behind the exit 
slit and can be cooled with solid CO 2 . The electronic system comprises an 
Avo d.c. amplifier (typo 1388B) and a potentiometric recorder. Full-scale 
deflection can be obtained from a current of 3 x lO"^® amp (corresponding to 
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a light flux at the photo-multiplier cathode of a few tens of photons per 
second). 

Preliminary experiments with this instrument have shown that, using an 
area on the Moon 30 secs, long and 1 sec. wide, with a spectral resolution 
of 0*26 A, we obtain a photo-current of 10“® amp, whilst the dark current 
is less than 10“i2 amp. Figure 4 shows a scan of the H and K lines of moon- 
light obtained in 30 min, from which it is clear that the instniment is emin- 
ently suitable for the investigation of lunar luminescence by the “ line- 
depth ” method; observations vdll begin at Asiago in March 1961. 
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INVESTIGATION OF THE POLARIZATION PROPERTIES OF 
THE SURFACE OF THE MOON 

E. K. TCOHAN 

Pulkovo Observatory^ Leningrad, U.S.S.R. 

At this time of the rapid development of cosmonautics, one of the basic 
problems of investigation of the Moon appears to be the problem of the 
matter covering the surface of the Moon. A comparison of various charac- 
terestics obtained from studies of the individual regions of the Moon with 
analogous characterists of terrestrial rocks led various authors [1-16] 
to a conclusion that the surface of the Moon is covered with a very porous 
substance. The mean dimensions of irregularities, as suggested by 
Barabashev [4] equal 2 to 5 mm, and according to Sytinskaya [2] from 
0*1 mm to 10 cm. Besenkov [17] assumes that the surface of the Moon 
represents a combination of relatively large grains with weak bonds between 
each other. 

The school of planetary investigators at the Leningrad State University 
assumes [0-12] that the porous, vesicular substance resembles in structure 
a volcanic slag. It originated from basic rooks as a result of their trans- 
formation under the effect of explosions accompanying the impact of 
motooiites striking the surface of the Moon. The Kharkov school of planet- 
ary investigators [1-4] considers, on the other hand, that the surface of 
the Moon is not similar to a fused one, but that it is most probably covered 
with finely crushed tuff rooks with grains of the order of several mm, and in 
some places large-gi’ain volcanic ashes. 

According to the measurements by Markov [6] a comparison of polariz- 
ation of details of the lunar surface with polarization of fused surfaces of 
meteorites docs not confirm the hypothesis of the continuous fusion of the 
surface of the Moon. The French scientist Lyot [16] assumes that the Moon 
ivS })osHibly covered by a mixture of ashes with various albedo. The very same 
conclusion was reached by Dollfus [14r-16]. However, Van Diggelen [13] 
doubts the ])Tesonco of volcanic ashes on the Moon. 

Our ox])criment is devoted to the study of polarization characteristics 
of lunar surface formations and numerous ground rocks in accordance with 
two Stokes parameters: namely, the degree of polarization and angle of 
orientation of the plane of polarization of the reflected light. We selected 
thirty-five regions on the surface of the Moon belonging to various types 
of formations (Fig. 1 and Table 2), These include conventional maria, crater- 
tyj)c maria, craters with central peaks, bays and regions on the continent. 
They were investigated at various phase angles. 

Using the conclusions of the above-quoted authors about the probable 
dimension of the micro-relief of the Moon, we investigated terrestrial 
specimens in nonpulverizcd as well as in pulverized state (with grain dimen- 
sions of d < 0-25 mm; 0*26 mm < d < I mm; 1 mm < d < % mm) at 
various angles of incidence and two angles of reflection (c = 0° and € = 45°). 
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The terrestrial specimens which were given to ns by Khabakov and Rharonov 
are listed in the following Table 1 ; 


Table 1 


No. 

Name 

Source 

1. 

Obsidian quaternary 

Caucasus Minor 

2. 

Andesite bubbly lava, quaternary 

ditto 

3. 

Basalt quaternary 

ditto 

4. 

Basalt quaternary 

Georgia 

5. 

Gneissic granite 

Transbaikal 

6. 

Massive biotite granite 

ditto 

7. 

Quartz 

Ukraine 

8. 

Columnar quartz 

Eastern Transbaikal 

9. 

Ocherous limonite 

Ural 

10. 

Volcanic tuff 

Trans-Carpathian regions 

11. 

Volcanic tuff 

Georgia 

12. 

Highly vesicular volcanic slag 




Fig. 1. Thirty -five areas selected. 


Lunar observations were conducted with the aid of the Pulkovo electro- 
polariineter,, attached to the camera shown on Pig. 2. Observations of 
terrestrial rocks were made with the same electropolarimeter attached to 
the indicatometer of the planetary laboratory of the Leningrad University* 
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The use of a rotating polaroid and compensating device, enabling to 
record large oscillograph detiections and, consecpiently, large amplitudes 
of the variable component, permitted to measui-e the low ])olarization with 
a. large degree of accuracy at phases close to full Moon. The results so 
obtained are shown on Fig. 3. 

The plane of polarization of moonlight was referred, to the intensity 
ecpiator by observing the polarization of the bright dinrnal sky in the 
zenith, utilizing the fact that the plane of polarization of the sky coincides 
with the vertical })lane of the Sun [18]. For terrestrial rocks this is realized 
by observing the light I'etlected by a marl.)lite mirror, in which the plane of 
polarization coincides with the •})lane of incidence and reflection. 


Ekj. 3. lt(‘sults oblaiiKal freni a rotating polaroid aiul cotnpenHating (hn'icc. 

On the basis of results obtained by studying the angle of oriemtation of the 
plane of polarization y, it is ])ossible to conclude that: 

1. The angle of orientation of the planer of ])()larization on the Moon for 
a given phase does not depend on the position of the detail on the lunar 
siirface~~i.e. it does not depend upon the angle of refletdion € (Table 2). 

2. This angle depends u])on the phase angle ifj (Fig. 4). At large phase 
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Tablb 2 


Phase angle, date 
No. Name 

-97“ 

4.III 

-53“ 

8.III 

-20“ 

11.III 

8“ 

13.III 

Inmar coordinates 
cp A 

1 Albategnius 


67“ 

-21“ 

-26“ 

-11?7 

+4?r> 

2 Alphonsus 


66“ 


-26° 

-12?8 

-3?3 

3 Archimedes 


66“ 

-19“ 

-22“ 

+23?0 

-47?1 

4 Aristarchus 



-17“ 


+ 29?8 

-4?0 

5 Vendelinus 

O 

CO 

00 

68“ 

-21“ 

-25“ 

-17?0 

+ C1?() 

6 Copernicus 


66“ 

-19“ 

-25“ 

+6?0 

-22?0 

7 Hipparchus 


66“ 

-22“ 

-24“ 

-5?0 

+5?1 

8 Grimaldi 



-26“ 

-26“ 

-6?2 

-67?1 

9 Sinus Iridum (100) 


66“ 

-17“ 

-27“ 

+46?0 

-32?5 

10 Sinus Iridum (101) 


67“ 

-19“ 

— 27“ 

+ 76?0 

-4790 

11 Catharina 

o 

oo 

oo 

66“ 

-20“ 


-17?7 

+2390 

12 Kepler 



-19“ 

-22“ 

+ 7?6 

-3798 

13 Clavius 


66“ 

-20“ 

-26“ 

-68?0 

-159(> 

14 Cleomedes 

o 

I> 

00 

66“ 

-20“ 

-26“ 

+27?3 

+6690 

16 Copernicus 


66“ 

-19“ 

-27“ 

+ 9?0 

-2090 

16 Langrenus 

o 

OO 

oo 

64“ 

-16“ 

-20“ 

-8?6 

+6097 

17 Maginus 


64“ 

-17“ 

-26“ 

-61?0 

-890 

18 Cleomedes mainland 

GO 

o 

63“ 

-19“ 

-28“ 

+27?0 

+7190 

19 Mare Humorum 


67“ 

—18“ 

—27“ 

-22?6 

-3796 

20 Mare Imbrium 


66“ 

-16“ 

-27“ 

+40?0 

-2890 

21 Mare Pectmditatis 

84° 

67“ 

-20“ 

-28“ 

-3?1 

+ 5690 

22 Mare Crisium 

85“ 

66“ 

-17“ 

-26“ 

+20?0 

+ 6191 

23 Mare Nectaris 

86“ 

66“ 

-18“ 

-27“ 

-15?0 

+ 3491 

24 Mare Tranquilitatis 

87“ 

67“ 

-19“ 

-26“ 

+8?0 

+ 3090 

26 Mare Serenitatis 

98“ 

66“ 

-19“ 

-25“ 

+ 26?9 

+ 1790 

26 Oceanus Procellarum 


70“ 

-17“ 

-24“ 

-4?9 

-3691 

27 Plato 


66“ 

-19“ 

-24“ 

+61?2 

-1090 

28 Posidonius 

00 

o 

65“ 

-19“ 

-26° 

+ 31?9 

+ 2995 

29 Ptolemaeus 


66“ 

-20“ 

-26“ 

-8?1 

-298 

30 Theophilus 

o 

00 

OO 

62“ 

-17“ 


-11?7 

+ 2698 

31 Tycho 


66“ 

-18“ 

-24° 

-43?0 

-1191 

32 Pokidides 



-20“ 

-24“ 

-63?0 

-6790 

33 Pracastorius 

86“ 

67“ 

-20“ 

-27“ 

-21?2 

+ 3293 

34 Schiller 



—21“ 

-27“ 

-52?0 

-3990 

36 Schickard 



-19“ 

-30“ 

-43?0 

-6694 

Average : 

86“ 

66“ 

-19° 

-25“ 




±1'’6 ±l°-0 ±l‘’-3 ± r -7 

angles the plane of polarization of moonlight coincides with the plane of 
the intensity equator, a rapid rotation of the polarization piano begins at 
^ Bibiji = 10“ it equals 90“ ; during full Moon the plane of polarization 

coincides once more with the plane of the intensity equator. 

In the case of terrestrial rooks the angle of orientation of the piano of 
X^olorization : 

3. does not depend on the degree of pulverization; 
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4. does not depend on the angle of reflection at which observations are 
made; 

5. depends upon the phase angle (Fig. 5) where I designates the curve 
for granite, II — ^for tuff, III — for ocherous limonite, IV — ^for slag. At large 
phase angles the plane of polarization coincides with the plane i)assing 
through the specimen, illuminator and electropolarimeter; a rapid rotation 
of the plane of polarization begins at ^ = 28°. 



Figube 4. 
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6. In the case of limonite and volcanic slag, the most rapid rotation of the 
polarization plane is observed, which is similar to the rotation of the polariza- 
tion plane of moonlight. In other terrestrial rocks, including volcanic tuff, 
the angle of rotation is considerably smaller. 

In contrast to the similar nature of rotation of the plane of polarization 
of different regions of the lunar surface, the degree of polarization exhibits 
greater variety. The maximum degree of polarization of different lunar 
features decreases in the following order: maria, bays, crater maria, craters 
with central peaks, and the continents. Figure 6 shows the dependence of 
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maximum degree of polarization, found by our nieasurenicnts, on the 
maximum brightness of the given detail according to Fedorcts [19]. Exactly 
the same dependence is also obtained for the terrestrial rocks (Fig. 7), 
where we plotted the magnitudes of the degi’ee of polarization at i[/ « 80® 
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for various degrees of ]3ulverization, taken from tlie gi'ujilis which show the 
dei)cndence of the degree of i)olarizatioii on the! pliasc angle, and corres- 
])oiuling vahies of relative brightness obtained by the same iustruincnts. 
Fi'oui here it is evident that the darker the investigated sample, the greater 
its j)olarization. Maximum degree of polarization dex^ends upon the pulveriza- 
tion of the rock (Fig. 8), i.e. the diameter of the grains a; the larger the gi’ains, 
the greater the degree of its ])oIarization. 

Figure 9 shows the dcgi'ce of polarization of the measured tciTestrial rocks 
at 0 = SO'’ for various degi'ees of imlverization. The numbers from the left 
to the right under each line denote the degree of polarization for rocks with 
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(I < 0-25 mm; 0*25 mm <(l < 1mm and I inm < <1 < Z mm. The number 
at the (md of each line shows the degree of polarization at the same iihase 
angle for rocks in a non-pulverizod state. The numbers on the loft con'ospond 
to the ordinal number of the rock in Table 1. It is evident from this diagram 
that the degi'ees of polarization ^ of rocks in a pulverized state d 0*25 mm 
do not dilfer greatly fi*om each other. At 0*25 mm < d <1 mm, p for various 



460 


B. K, KOHAN 


rocks varies in different ways. On a further increase in grain size •p changes 
only slightly. Thus the magnitude of the degree of polarization cannot be 
used as an indicator of the accurate scale of the niicrorolief of the lunar 
surface. 

If we examine the inclination of the curves representing tho degree of 
polarization of lunar regions and terrestrial rocks (Figs. 10, 11) as well as the 
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magnitude of maximum degree of polarization, we can discern an analogy 
with several samples of terrestrial rocks. From these diagrams we see that 
at phases close to zero the degree of polarization may bo zero or negative. 
These results lead us to the following conclusions. As far as change in 
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the Hiijjfle of orientation of the polarization plane are concerned, ochcrous 
liinonite and volcanic wlag match closely the characteristics of moonlight. 
However, as the degree of polarization of volcanic slag is larger than that of 
the Moon, it becomes necessary to assume that the polarization character- 
istics of the lunar surface come closest to those of ochcrous limonite. The 
degi*eo of polarization of limonite is, on the average, equal to the degi*ce of 
])olarization of lunar maria. 

'!rhe curve showing the change in the degree of polarization with the phase 
angle for volcanic tuff (Fig, ll-I) is analogous to the curve for lunar con- 
tinents (Fig. 10-1), hut the angle of rotation of the polarization plane has no 
such analogy. 
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FIRST RESULTS FROM OBSERVATIONS OF THE MOON 
BY MEANS OF A POLARIMETER 


V. P. DZHAPIASIIVILI, L. V. KSANFOMALTTI 

Ahastumani Astrophyaical Observatory, Academy of /Science.% 

Georgian 8,S.R. 

Until recently, no instrument was available for a direct measurement of 
the degree of light polarization and of the angle determining the position of 
the ])olarization ])lane. The degi*ee of polarization was calculated by formula 

^ ^bmax — ^bmlii 

^bmax 4" ^bniln 

from the measurements of the maximum minimum light 

fluxes through an analyzes*. A laborious additional reduction of the ob- 
servational (lata was necessary for obtaining the final characteristics of light 
polarization. 

In order to imiDro vc the method of observation and the accuracy of results 
in studies of the polarization properties of the Moon and ])lanets, an automatic 
■olectrouic ])olarimoter [I, was designed and constructed at the Ahastumani 
Observatory. It ])rovides for a direct reading of the above-indicat<^d 
<iuantities. The instrument is analogous to an electronic? coin])uter solving the 
ecpiation 

x—y 

P = — 

•^+?/ 

Th(‘ solution is obtaiiunl in less than O-Ol sec (one cycle). 

The instrument adjusts itself automaticiilly (in no more than 0*10 sec) 
to any brightness within a wide range. When used as a photometer, the 
total sensitivity of the instrument is not less than the eleventh st(?llar 
magnitude, which corresponds to 10"^^ lumen. The polarimeter w'as designed 
for o])eration with the 40 cm refractor (/ = 6S0 cm) of the Ahastumani 
Astrophysical Observatory in conjunction with extensive investigations of 
])()larization properties of lunar and ])lanetary surfaces c()nduc‘.t(?d at this 
Observatory. Figure 1 shows the curve of flux Fm <>n the instniment input 
against stellar magnitude of the observed object. The instrument is 
•equixiped with additional automatic elements facilitating its use. The scale 
readings and the number of measurements arc recorded on the photographic 
film by pressing the? button. 

The first test observations were conducted in the spring of 19(>(). The 
instrument was (examined as a |)hotomet(?r, as well as a polarimetcu*. An ex- 
tensive iirogram mo of stellar, lunar andxfianctary observations wascan*iedout. 

For monitoring ])urposes we selc?cted the stars from Hiltner’s catalogue 
[3]. The obseivations of lunar formations were comx>arod with earlier ob- 
servations, conducted also at Ahastumani with another instnnnent [4], 

4G3 
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Table 1 shows an example of the testing of the instrument on the stars: 


Table 1 





Date and Universal Time 




Star 

Magnikide 

of Observation 

Pi% 


BD 

+20°3649 

5“ -09 

29 Sept. 1960, 18»‘:40"‘ 

0-9 

0-S 

BD 

+ 18°4086 

6-93 

29 Sept. 1960, 19 :40 

0-2 

6-2 


In this table Pi denotes the degree of star polarization, averaged from onr 
three measurements, and P 2 — ^Hiltner*s data [3]. The examination of this 
table shows that the difference between these two series of observations is 
small and does not exceed 0-1%. 



Fia. 1. Light flux on the input of instrument vs. stellar magnitude of the o))joet uii(l(‘r 

obsei*vation. 

Table 2 presents some results of observations of lunar craters near (|uadr*ature^ 
when the polarization is maximum. Here Pi designates the degree of polariza- 
tion obtained by authors with the polarimeter described above attacthc'd to 
the 40-cm refractor, and P 2 denotes the degree of polarization obtaiiu'cl at 
Abastumani during 1950-1953 [4] with the 33-cm reflector (/ = 500 (^m), 
taking into account stray polarization introduced by mirrors of this instru- 
ment. The values P 2 are taken from curves for the corresixniding ])haso 
angles. 

The examination of this table shows that the values of Pi and P 2 are in 
good agreement for the overwhelming majority of craters. Aristarchus is 
the only exception; the maximum polarization as measured in 1950-1953 
exceeds by two to three times that obtained in 1960. The obsei’vational 
data, obtained by Dzhapiashvili in 1956-1960 using the elcctro])olariinoter 
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Table 2 


Lunar Grater 

Date and Ihiiverml Time 
of Obmrvation 

Phase Angle P\% 

IV/o 

Archimedes 

11 Oct. 1960, 

23i‘:5r)ni 

+82?0 

10-2 

11-3 

Ptolemaeus 

12 Oct. 1960, 

0:05 

+ 82?0 

7*4 

7*6 

Kepler 

13 Oct. 1960, 

0:45 

+ 93?1 

6*5 

9*3 

Herodotus 

13 Oct. 1960, 

0:32 

+93?! 

9*7 

9*7 

Aristarchus 

12 Oct. 1960, 

1:30 

+ 82?6 

4*5 

11*2 

Aristarchus 

13 Oct. i960. 

0:15 

+93?0 

4*4 

12*0 


ofMyiihkyurya’s design [5], installed at the Abastumani Observatory, as well 
as the ineaHiirements by Kohan carried out on this instrument during about 
the same period and already published [(>], show that after 1056 the maximum 
degree of polarization of Aristarchus was always about 4%. 

During observations with 33-cm refractor in 1960-1953 a dia])hragin 
of 0-3 mm in diameter was used, which (the scale of the reflector being 
41'7inm) corresponds to areas of 12 ^^3 in diameter on the Moon. Beginning 
with 1956, the diaphragm of 0*05 mm in diameter has been used, which (the 
scale of the refractor being 30'-3/mm) isolates areas with angular dimensions 
of 1-52 on the Moon. The comi)arison of those diaphragms (12''3 and 1-52) 
suggests that, since the angular diameter of Aristarchus is rather small 
( 28"), the errors in guiding might have caused in 1050-1953 a partial 

admixture of the light of adjacent regions, which are characterized by a 
gi'cater polarization, and — as a result — a false increase in ])o]arization of the 
crater itself. 

However, on examination of Table 3 such a suggestion must bo rejected. 


Table 3 


Lunar Grater 

JAnear Dianuier (in km) 

AiajviUir Diameter 

Aristarchus 

52 

28" 

Hert)dotus 

44 

2n'!r> 

Kepler 

40 

21" 


Indeed, as is evident from the tabUs Kei)ler and Plerodotus have smaller 
diameters than Aristarc*.luis, but the results of the jiu^asurejnents of thtur 
degi'ee of ])()larizati<)n in 1950-1953 and in 195()-1960 (Table 2) are in good 
agreement, lenticular attc'iition must be paid to HcTodotus which is situated 
alongside of Aristarchus and — in the j>resence. of gxiiding errors during 1950- 
1953— should also exhibit an increased polarization, ])robably owing to the 
similar nature of th(^ part of Oceaiius Brocellarum surrounding those orators. 
And so, there inadvertc^ntly arises a ([uestion: were thc'sre any change's 
inside the crater Ai'istarchus since 1953 which might have caused a decrease 
in the degi*ee of })()larization'^ In any case, a decrease in i)olarizati()n is 
unquestionable; and in view of this it a])pears to us that a fuither detailed 
examination of the floor of Aristarchus is of great interest. 
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The results presented in Table 2 were obtained by observations through 
a rotating polaroid without light filters. As regards observations through the 
Polaroid in combination with light filters, we must note that all objects on 
the Moon’s surface show an increase in the degree of polarization with de- 
creasing wavelength, in accordance with Umov’s principle [7|. 

An essentially new possibility offered by our polariineter consists in 
obtaining a complete polarization chart of the Moon by the method of inter- 
linear resolution (with appropriate attachment). The authors quite recently 
devoted considerable time to this highly interesting work, and obtained the 
first experimental raster samples and test images of the Moon at various 
phases. A section of one of them is shown on Fig. 2. We must emphasize 



Fig. 2. Fragment of polarization chart of the Moon, 12 Jiinuary ISHM. Phase angle 
xfs = -j- 114 °. Twenty linos (corresponding to the Moon’s (liain(4(a*) of rc^solution out of 1 00. 
Dark regions indicate the absence of polarization, and the brighti^st n^gions eorn^spuud 
to polarization of more than 20%. The great dark n^gion tunir tht^ tca-iuinator is the 
equatorial part of Ocoanus Procellaruin. (Ot^st image.) 

that the new method has nothing in common with ])hotography through 
the analyzer, as this method transmits brightnesses exclusively in polarizcHl 
light, being independent of the orientation of the analyzer. 

Certain solutions are already available, which make it possible to improve 
this method. 
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ECLIPSE TEMPERATURES OF THE LUNAR CRATER TYCHO 


WILLIAM M. SINTON 

Lowell Observatory, Flagstaff, Arizonxi, U,S,A, 

Shortiiill, Borough, and Conley discovered during the total eclipse of the 
Moon on 13 March 1960 that the floor of the crater Tycho did not cool as 
much as the surrounding area, but remained some 40 to 60° warmer [1]. 
They found that other rayed craters, specifically Copernicus and Aristarchus, 
also remained warmer than their surroundings. 

Using the pyrometer developed here [2], attached to the 42 in. Lowell 
reflector, I observed the tcnix^eraturc of Tycho during the total eclipse on 
5 September 1960. The measurements were made with a 1-5/x bandwidth 
at 8-8^, and calibration was made by direct comparison with blackbodies 
of known temperature. An apei*turc of 27 *'9 defined the observed area of 
the Moon. For the most part, scans were made across the lunar disk by 
turning olf the telescope drive. The telescope was sot upon Tycho and 
allowance was made for the ex})ected lunar motion in declination, and tlien the 
telescojje was moved to the same declination at the leading edge of the Moon. 

Clouds interfered with the first part of the initial ponumbral phase and 
again after about one-half hour of totality. Observations could not be 
continued beyond that. Since the initial tomx)eraturc was not recorded, 
Tycho was observed again on the following night and tlic temperature 
obtained is assumed to be the initial temperature as well. 

Figure 1 shows two of the scans; one is before the traversed chord of 


Western 

limb 



Ficj. 1. Two HcajiH iw.roHs ''J''y<‘lm. Thoy illimtrato tho rapid t.<M!ip(«‘aturo clocay of most of 
the Moon’s surAico atid th() rcOativo constancy of Tycho’s ti^rnporaturos during tho 

cH'.lipso. 


the Moon is completely in the umbra, while tho other is after the chord is 
completely shadowed. Tho time interval between crossing the western limb 
and crossing Tycho was calculated and compared to tho tracings obtained 
before totiility. Such a comparison is shown in Fig. 1 . Tho agreement is 
good, showing that the warmer region is indeed Tycho. 
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Figure 2 shows the temperatures observed for Tycho as dots; crosses 
designate the temperatures of the region around Tycho found hy taking 
the mean of the deflections on either side of the bumi). Several thcoi*etical 
curves, which assume different combinations of dust and rock, arc taken 
from papers of Jaeger [3] and Jaeger and Haiper [4], and they are also shown 
in the figure. The curve for thick dust agrees well with measurements of 
the Tycho environs. The measurements of Tycho, itself, agree well in general 
shape with the curve for 0*5 mm of dust on top of rock; they show little 
change during totality. A similar curve, if computed for a slightly thinner 
dust layer, would fit the points better. The computation of this curve 
requires numerical integration. 



Fig. 2. The temperatures of Tycho (dots) and Tycho’s environs ((u'ohbc^h) during the 
eclipse. Several theoretical curves for difforout inodolH are shown. 

However, the thickness of the dust layer that would fit the observations 
better can be determined by assuming that, after totality has commenced, 
the heat radiated from the surface is equal to the heat conducted through 
the layer. This is expressed by 

<tT4 = (TQ-T)kld, 

where a is the Stefan-Boltzmann constant, T is the surface temperature, To 
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is the temperature of the upper surface of the rock, h is the thermal con- 
ductivity, and d is the thickness of the layei*. Jaeger and Harper assumed 
jfc = 2*8x 10"® in cgs units. The temperatures during totality, which they 
computed by numerical integration, arc adequately derived from tlie above 
formula if To is 0-73 of the pre-eclipse temperature. Prom this formula and 
the observed eclipse temperature of Tycho, the thickness of the dust layer 
is 0-3 mm. 

Another possible model was considered, that of bare bouldci*s lying in 
a field of dust, and the curve for this model is also shown. The agreement 
with the dust-layer model is decidedly better. In the case of the two points 
that are lower temj)erature, the scans very likely crossed only the edge of 
Tycho. 

Prom the 0*3 mm thickness of dust a maximum age of Tycho has been 
derived. The influx of solid matter on the Eai*th is assumed by Whipple [5] 
to be several thousand tons per day. In order to build up a 0*3 mm dust 
layer of density 2 at this rate, 10’ years are required. Since high-velocity 
particles are apt to fracture and erode rock surfaces, this age will be an 
upper limit. 

Tycho, because its rays overlie many other features, is ceitainly one of 
the most recent major craters, but it is now possible to set a more accurate 
appraisal of its age. 

Tycho, however, is not the only feature that can be dated by tliis method 
because, as was mentioned, Shortiiill, Borough, and Conley also found that 
Aristarchus atul Copernicus arc warmer than their neighborhoods, l^ossibly 
most rayed craters can be dated by this method. The relative thickness of 
dust (and the relative ages) of two craters is given by the formula 

(hld^Z = (T2/Ti)4('ro,l~J^l)/(y0.2-:if^2), 

where Ti and are the obscuvod crater temperatures when they arci 
shadowed, and Toa and To , 2 are 0*73 times the pro-eclipse temperatures of 
the two craters. 

To date 17 ray craters have been observed <luring an eclij)se, and all of 
these except Proclus were warn\er than their environs. 
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RADIO EMISSION OF THE MOON, ITS PHYSICAL STATE, 
AND THE NATURE OF ITS SURFACE 


V. S. TROITSKY 

Institute of Radio Physics, U.SM.R. 

1. Intuoduotion 

Recently exi)eriincntal data have been ol^tained on lunar radio emission 
which enable one to solve the problem as to which model of stinxcture for 
its ui)per layer corres])onds to reality: single layer (homogeneous structure 
of the covering) or a widely distributed two- layer-dust cover [1]. They 
also enable one to draw more definite conclusions as to the physical x>ropcrties, 
thennal conditions, and structure of lunar material. 

Let us consider briefly the results of the theoretical and cxj)erimental 
research of the radio emission of the Moon obtained up to the xwesent timet- 
The first measurements of the radio emission of the Moon on A = 1 *25 cm 
showed that this emission de])ends essentially on the phase and has a constant 
and variable component, the latter which is well apiwoximated by a 
sinusoid [2] (see, for exam])le, [19]). The maximum of the variable com- 
ponent shows a lag in ])has(^ relative to maximum illumination of the Moon 
by the Sun. This fact is exi)lained in [2J as a result of the heating of a 
sufficiently thick layer of the material of the surface, whicli therefore shows 
a certain retardation. The formula for the heating of the svirfac(j itself at 
the centre of the lunar disk can be written as 

!Ts ~ coH Clt oos2Ql/-f- . . . , (1) 

where 11 is the angular velocity of rotation of the Moon, ecpia'l to 
2*46 . rad/sec (Lit = 0 corresj)onds to the full Moon); and Ti), 1\, 
are the mean value and the first and second harmonics of the true temx)er- 
ature of the surface, resi)ectively. For the two models, the brightness 
temx)crature of the centre of the disk is described by the t‘!XX)resHion (2), (2) 
(the higher harmonics are not taken into consideration), 

2V = (l-72)7’o+(l-7i)-^cos(£2t-^,-|.), (2) 


where = [1 — Ryi\) in the constant comx>onent and Te\ “ {/ — li)T\jm^ms 
is the amx)litTide of the first harmonic of the variable comx)onent of radio 
temperature, and 

ms = V(1 + 28 + 2S2), =tau-i^ (3) 

l + o 

denotes the weakening of the variable comx)onent of radio emission and the 


t Soo also [15]. 
Q* 
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lag in phase due to the basic layer of the material, and $ are the weakening 
and shift in the dust layer. R is the coefficient of reflection of electromagnetic 
waves depending on the dielectric constant e of the lunar material. 8 = IeIIt, 
where It is the depth of penetration of the heat wave into the lunar material, 
and Ie is the depth of penetration of the electromagnetic wave or the depth 
from which the radio emission emerges from the surface weakened by a 
factor of e = 2-71. Ie determines the thickness of the layer of the material 
responsible for the radio emission observed at a given wavelength. 

In the general case, if the permeability /x = 1, 


Ie = 


r 1 1 / /2n2-i-fr 


47r/'\/6 



( 4 ) 


where a = (j(/) is the electric conductivity of the material of the Moon at a 
given frequency /; p, and c, are their thermal conductivity (in cal/cm. 
deg.sec), density (in g/cm^), and specific heat capacity (in cal/deg) re- 
spectively; V = being the velocity of light in a vacuum. 

The values of Tq and Ti are connected with the maximum Tm i'-nd mini- 
mum Tn temperatures attained on the surface, at the lunar midday and 
midnight. They depend on the law r){P) of variation of the temperature of 
the surface with the angle of incidence j8 of the solar rays. The theory gives 

Tq ^ Tn+^Q{Tfn“‘Tn)l Ti = ai(Tm'~’Tn)f (5) 

where, consistent with the experimental data, 7){P) = cos ^ aQ =« 0*382 
and ax = 0*668. The experimental data obtained at A = 1*25 cm did not 
satisfy the expressions (2), (3) for a single-layer model (m« = 1,^# = 0), 
but agreed better with the two-layer model characterized by tho parameters 
rris = 1-8, = 22°. 

In [4] it was shown that the experimental curve given in (2) can bo 
approximated by a curve with a phase shift ^ = 35° which satisfies the single- 
layer model. Subsequent measurements of the radio emission on the wave 
lengths of 1 -63 cm [6], 0-8 cm [7], and 0*86 cm [8] also did not give well-defined 
results. Within the limits of observational errors in the measurements of tho 
intensity and the phase of the radio emission, all of them can Ix^ made to 
agree with both the two-layer and the single-layer models. 

In view of this the analysis of the experimental results was made in accor- 
dance with the theory of the single-layer model. As a result the ai)plicability 
of the law 


8/A = const (0) 

characterizing the physical properties of lunar material at the cm as well as 
mm wave lengths was detected [4] and confirmed [6] in a broader frequency 
range. From here followed the constancy of tho loss -^ngent of lunar material 
in this range of wave lengths. 

It was noted that the same property is shown by ceramic dielectrics 
containing silicon and aluminium oxides. 

Further computation of the parameters characterizing the lunar material 
did not lead to sufficiently concordant results. Thus, starting from the 
universally accepted thermal parameters of the lunar material 


(fcpc)“i/2 = y = 1000, c = 0-2, 
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and p = 2{It — 2 cm) it was found that Ie(S) 10 cm at A = 3-2 cm. 
If one considers the lunar material as a dielectric, then a(3) = 0 x 10® in c.g.s. 
units. This value proved to bo more than half an order of magnitude greater 
than the data known from litei;aturc for some dry terrestrial material [9]. 
Thus in the case of a single-layer model, there arose the difficulty of ex])laining 
the Ixigh electric conductivity of the lunar material in comi)arison with some 
terrestrial ones. In [4J it was pointed out that this “ contradiction ” is 
eliminated if the two- layer model is considered. Thus the ])rol)lem of the 
structure of the u})per layer of the Moon’s crust remained intricate and 
obscure. 

In order to solve tliis problem, at the Gorky Radio Astronomical Station 
of the SRRPI measurements were made of the radio emission of the Moon 
in widely spaced wave lengths, ranging from A = 0-4 cm [10] to 3*2 cm [11], 
with greater ])reciHion of the absolute measurements than was obtained 
previously with comparative diagrams of the antennas. These data proved 
to be decisive for specifying the model, and definitely indicated a quasi- 
homogeneous structure of the surface layer of the Moon. For a comparison 
of the electric parameters of lunar and terrestrial material, measurements 
have been nuxde at A = 3*2 cm of the loss angle and dielectric constant of some 
terrestrial volcanic rocks of Armenia and Kamcluxtka (tuff, tufo-lava 
volcanic slag, obsidian ])umice, clay, etc.). We measured the specimens 
which, in accordance with the investigations of Barabaslicv and his collabora- 
tors at the Kharkov Observatory, proved to correspond closely with tho 
lunar material in their optical characteristics (albedo, colour, jHilarisiation, 
indicatrix of reflection, etc.l) [5]. In tho present investigation the new datix 
are analyzed, resulting conclusions made on the physical ])r()porties of tho 
superficial layer and a homogeneous model constructed on their basis. 

2. Some Basic Conclusions from the Exi'ERiMRNTAii Data on tub 
Nature and Physical State of the Murkaoe Layer of the Moon 

In Table !{, besides the basic data at A = 0-4, 1*()3 and 3-2 cm, all 
ex])crimental data on the intensity of nidio emission that have been obtained 
u]) to the present time are included, for a comparison of the cx])erim('!nta] data 
with theoretical exiierimental cliaraet eristics that depend least on the con- 
ditions of measurements. The (|iiantities indejiendent of the jirecision of 
absolute measiireinentH are the ])liaHe shift $ and the value inverse to the 
relative variation of the intensity of radio emission M = TeQjTcx- 

The values ^ and M are intcnrelated and de])end on the wave length. 
The charact(M* ol‘ their int(Tde[)endence is deteimined by the stnuiture of 
the surface of the Moon. In order to find out to which of the models the 
ex])erim(mtal data c()iTos])()nd, a ^ — Jlf diagram was constiucted. On it 
th(H)retical curves corn‘s])()nding to both inodc’sls as wc^ill as the expcTimental 
points were ])lott(^d. The theoretical vahicuif M for both, models is, according 
to (2), (Hpial to M = insVh/J\)/Ti^ and thc^ corres]>onding phase sliift 

t Tho H])ooiinonH for ilio uKMiHunuiioiiiH wow kiiully pljwuMl at our diHpoHal by N. P. 
BarabaHluw and V. 1. Ez(vrsky. M(Mi«ui*oinoiitH won^ iijuwki by V. B. Krotikov. 

t Tho valuo Te in tlio Hooond and iioxt to hiHt liruw of l.h(» taldo oorrosponds to tho 
brightnoHH toinporuturo at tho (^oiitro of disk. In tho roinaiiiing casos Te is equal to 
i.o.it is intorinodiato botwoon tli(^ bright noss and average t.oinporaturo 
for tho disk, difft'.ring from each other by a value of tho order of 8% [2] [3]. 



A(cm) jTeo Tex i Intensity of radio emission M = S S/A ^If • Authority 
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t Corrected value of the phase (see text and [4]). 

J Approximation by the author. 

§ Variable component — first harmonic from the intensity variation cur\"e. 
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f = tan“i(8/l4-S) + ^B. By substituting for 8 its expression through M 
we obtain the following theoretical dependence between ^ and M 


i = taii”^ 




1+ ll+iu^ 

2 V4 2 


iLvwifi To. 


r-] 




( 7 ) 


In order to evaluate this function it is necessary to know the value of T^jTi, 
It transpires from (5) that this relationship depends basically on the co- 
efficients ao iHid (ii^ and remains practically unaltered by a change in the 
ratio l>etween Tn and within their limits of uncertainty. Bor 
ri{^) = Tn = 125" K [13J, and Tn, = 407" K [14J this ratio is 

equal to 


To 

— = 1,48. 
Tx 


( 8 ) 


For actual oomi)utation let us take the round value 1 -5, found also 
experimentally (see below). In order that a definite wave should correspond 
to each point of the plane ifef it is also necessary to consider the relation 
between 8 and A for the base and also (in the case of the two-layer model) 
the homogeneoxxH layer. For the computation the linear relation was taken, 
which corresponds ordinarily to the dielectric. On Fig. 1 wo present the 
theoretical curves ^{M) plotted in accordance with (7). Caxrvc^ 1 c()n‘esx)ond8 
to the single-layer model = 1,^/f = 0, for the material for which 8 = 2A. 
The black dots on the curve correspond to the wave lengths A = 04, 0*8, 



Ficj. 1. Tlioorotical of tlu^ lag of tlio ru*Ht laintionie of the radio 

omisHion of the Motm on the ratio of the constant (i()nii)(>nent t-o the amplitude of tlio 
first hanrionio of tho eniisHioii for a cycle: 1. Hoinogoneous stmeture of tho surface, 
2. — 3. Two-layor-dust. J.Uack dot« —theoroticail values for wave lengths A s= 0*4, 0*8, 

1-25, 1(J3 and 3*2 cm. 
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1*25, 1-63 and 3*2 cm. If, however, this material is covered by a very thin 
layer of dust characterized by the parameters = 1*1, f = 5°, then one 
obtains the curve 2. With increasing thickness of the layer the con’csponding 
curves will shift upwards arid to the right. Finally, if the base layer on the 
rock, for which 6 = 1 *15, is covered with a thicker layer characterized by the 
parameters ms = 1*4, ^s = (a* layer about half as thick as in [2]), then 

we get the curve 3. The experimental values of M and f for each wave length 
presented in the table are indicated by circlesf, with indication of the 
limits of possible error in M and As is seen from the curve, the experi- 
mental points uniquely con*espond to the one-layer model, and cannot be 
reconciled simultaneously with the two-layer dust model. For example, the 
phase lag obtained in [2] for A = 1*25 cm, ^ = 45° (the point in Fig. 1 is 
marked by a triangle) agrees well with the two-layer model as represented by 
curve 3 in Fig. 1. However, the data for A = 3*2 cm and A = 0*4 cm do not 
fall on this curve. If for A = 3*2 cm the theoretical phase, f = 45°, for the 
two-layer model with a very thin layer of dust comes within the limits of the 
experimental values, for A = 0*4 cm the theoretical phase 32° diverges again 
considerably from the experimental value. Many other combinations of the 
base and dust layer were considered, but all of them deviate much more from 
experimental data even at shorter wave lengths. It tunis out that if we select 
the parameters of the two-layer-dust model in order to satisfy the data on 
some single wave length or for previously obtained data on near wave lengths 
0*8 cm — 1*6 cm), then for the wave lengths of the new wide interval it be- 
comes impossible to do so. In tr 5 ring to accomplish this it is necessary 
to thin out the dust layer to the point of disappearance. Thus one may 
consider the homogeneous struotxire of the surface layer of the Moon cxi)ori- 
mentally provedf. If so, then for the phase lag it is of advantage to use 
its value computed by (3) from the experimentally determined value 
instead of the inaccurate value f directly measured. In accordance with 
this, on Fig. 1 the values of M and the phase lag are marked for each wave 

length by rectangles which determine the limit of errors. As can be seen, 
there values lie precisely on the curve for the one-layer model. 

t The point corresponding to 0*8 nini [7] is not indicated iw it clotuiy contradierts the 
whole series of measurements (see colunm 4 of tlie table). 

t Apparently one still obsei-vos a tendency towards an increase in the phase shift 
with the increase in the wave length, as compared with tho thc^oretioal valuers for the 
one-layer model. However, this can bo explained not only by an assumption on -t/ho 
inhomogeneity of this layer with depth. More probably this may bo oonn<^ct.o<l by 
different emission of the maria and tho continents, obsorvablo nlroa<ly at A as 0*4 oin 
[31]. Actually with reception on an antonna with a wide diagram tho obsorvod phase- 
curve of radio emission can bo represented by a sum of two sinusoidal phnso-cuirvos: 
one for the eastern hedf of the Moon, where largo maria arc prcw(uit and whi(?h lags 
behind the full Moon, and the other for tho western half covered pre<,lominant.ly by oon- 
itinents, and which precedes the fullMoon by tho same angle. If tho maria giv(»H a gr('al('r 
variable component than a continent, then for tho total omission w(i shall obstuvo a 
supplementary lag in phase, proportional to this difference in omission. InosmiK^h jis 
the amplitude docreasos with the increase of tho wave length, tho offoct of the difr<u*(«i(M' 
in omission on the shift will increase — and this is actually obsorvod. In connection with 
this point in the investigation of radio emission with sharp dirociional <liagrainH, tho 
orientation of the antenna on the centre of the disk (as was done in [12]) (san h^ad to 
considerable errors. In this case, in the course of tho cycle duo to libration th(i diagram 
passes through majpia and continents distorting thereby the actual course of i*adio 
.temperature. 
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Let iis consider now the dex)endence of M and ^ on the wave length. 
On Pig. 2 the experimental values of M for e ach wave length are plotted. 
Through the points one can draw a straight line, which practically corresponds 
to the theoretical one, constructed according to (3), and shows that the ampli- 
tude of the oscillations decreases almost linearly with the wave length. 
On the drawing the line is extrapolated to A = 0. Since for A Cii 0, the 
emission originates from the topmost layer of the surface itself, the intercept 



0 12 3 

d 


Fio. 2, Exporimi'utal vahu^H of ratio of tho constant c^oiupoucnt to tho iwnplitiido of the 
lii*fit harmonic of nwlio (MxiisHion in depone loiico on. tho wavcj length. 


on the y axis gives the value of M for this layer— i.e. the value of the ratio 
TqITi. Thus tho data for the range of tho wave lengths present an interesting 
possibility of direct determination of the ratio of tho constant component 
of tho tcinporature to the first hax*monic of the variables com]>ouent on the 
topmost layer of the Moonj. The value of this ratio, which is dotormined 
by permissible differences of inclinations of straight lino, does not exceed 
the limits 1*3— 1-7 and, on the average, is equal to 


which corresponds to the theoretical value indicated above for this ratio. 

Tho frcciucnoy dependence of the (theoretical) phase lag for 8 = 2A is 
shown in Pig. 3. On Pig. 4 wo ^dotted the dependence on A of the value 
(14- 2A) tan propoi'tional to As can be soon, the cxi>erimental i)omts 
follow a straight line, which extrai)olated to A = 0, as expected, passes 
through f = 0. 


t Similarly one can find oxporiinontally tho ratio for tho second hanuoni<<. 
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Since the value To/Ti was determined experimentally, then, in accordance 
with the formulas (2) and (3), one can compute the value of 8 for each wave 
length. The corresponding values are given together with the ratio 8/A 
in Table 1. As can be seen, this ratio remains constant within the limits of 



Fio. 3. Theorotical dependenco of the 
phase-lag of the variable component of 
radio-emission on the wave length for 
8 = 2A. 



Fia. 4. Another reprosontation of tho 
omwe 3. 


the errors of measurement in the whole observed intei-val of frequencies, 
and is equal to 


S 

— = 2om-i ; If = 2 >It- ( 10) 

A 


The establishment of this law is important; for it allows definite con- 
clusions to be drawn on the chemical composition of tho outermost suifacc 
of the Moon, Let us consider this question in more detail. The rather largo 
absolute values of obtained from (10) practically for any assumed values 
of the thermal parameters (for which It I cm) lead, in accordance with (4), 
to the conclusion that 2o’/€/ 1 — ^i.e. the lunar niatei*ial ])rovcs to be a 
rather good dielectric; for which 


V^/€ 

47rcr 


( 11 ) 


Prom tins and from (10) it necessarily follows, that the effective electrical 

conductivity of lunar material is proportional to the frequency i.c. 

0 = ffo///o. This leads to the constancy of the loss tangent in the range of 

tan A = iojef 

the frequencies of the measurements. 

Such a behaviour is characteristic of solid dielectrics and different rocks 
which oontam as basic components quartz (SiOa) and corundum (AI2O3). 
The oonduetivity (or loss angle), as is known [16], depends on the amount 
of mixtures of oxides of light metals (CaO, MgO, NagO, K2O, and others) 
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and oxides of iron (Fe^O,/i). In Table 1 the values of cr// (in absolute units) 
obtained for various wave lengths are given. 

If the outer layer of the rocks were to contain even some small amounts 
of admixtures of powdered meteoritic iron, the dejiendcnce of the electrical 
conductivity on the frequency would be essentially different. As experi- 
mental investigations of artificial dielectrics show ([17] and [18]), the loss 
tangent of such a dielectric increases with the increase in the frec|uency / 
somewhat faster than — i.e. the conductivity increases ^ /3'a. The 
dielectric acquires such projierties already with a 2 to 3% concentration of 
the metallic powder by volume. In this case, the loss angle of the lunar 
material would be considerably larger than that of terrestrial i*ocks of 
similar composition. It is not difficult to see that, in this case, the constant 
quantity instead of (10) would be the ratio 3/A^/2. Also M would become 
proportional to instead of A, as is actually the case (sec Pig. 2). Thus 
the character of the dependence of the electrical conductivity on the fre- 
quency, and to some extent also its magnitude enables us to affirm that the 
outer layer of the Moon behaves like a dielectric with a composition close to 
that of terrestrial rocks. However, it is at present impossible to conclude 
from the radio data which ty])es of rocks should be given jn'efcrenco. For this 
purpose one needs a more ])recise and reliable determination of the electrical 
conductivity of the lunar material and for this, as we shall sec bedow, it is 
necessary to know more precisely the values of [kpc] and c as well as a 
laboratory investigation of electrical conductivity of different material at 
ultra-high frequencies. Apparently, such a characteristic as electrical 
conductivity may prove to be a very reliable index of the identity of 
terrestrial and lunar materials. 

3, Further Development of the Sinole-Layek Model and Physical 
Properties of Lunar Materials 

(a) general relationships 

From the facts obtained above and the new data on the (doctrical 
prox)crtics of tciTCstrial material, one can deduce some of tlie paranu’iters 
characterizing lunar material. The dielectric nat\iro of the u])])er laycu', 
and the very probable identity of the average chemical composition with 
the average com])osition of tc^n’cstrial material, derived from the radio data, 
justify the comparison made below of the values of the cdectrical parameters 
of the lunar and teiTostrial material and the cortclusions drawn thercdroin. 
However, due to the limitations of the experimental data, what follows in 
this section should be regarded more as a development of the method and 
the selection of e()m])ariHon i)aramcters than the deduction of new results. 

Let us consider in more detail the obtained relation ( 10), By substituting 
from (11) and (4) it is not difficult to obtain a relationship coniu'cting the 
electrical and thermal ])aramoters of the lunar matcTial in the form 

VetanA 

-1 = 88 X 10-V* 

P 

Thus the measurement of the radio omission of the Moon, if the thermal 
parameters are known, gives a possibility of determining some combination 
of the electrical parameters of the lunar material and vice versa. 
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In (12) y is known directly from the optical measurements. Its most precise 
value has been obtained, apparently, from eclipse observations and equals 
900 (taking into account the corrections given below). The value of c for 
aluminium silicates with sufficient accuracy is equal to 0*2. Hence, for the 
material of the Moon we get 

tan A 

£= V (1*6 ± 0*2) X 10-2. (13) 

P 

It is clear that for a comparison with terrestrial rooks, we should measure 
for each of them e.'cactly the same combination of parameters, 


r = 


tan A' 



as a function of density (porosity) of p' of the rock (here and in subsequent 
cases the prime indicates the terrestrial rocks). This value is basically 
determined by the nature of the material. Thus, by using (13), we can 
identify a group of terrestrial rocks similar to the lunar ones in density and 
nature. 

Let us consider the character of the change of J'. In the existing litera- 
ature on dielectrics the connection of € of solids with the density (porosity) 
has been developed in some detail (see, for example, [20j, [21], and [22]) ; 
and the conclusions confirmed experimentally (see, for example, [23] and 
[24]). The connection between the density and the loss angle has been 
studied much less. The existing theoretical works (see, for example, [25]) 
lead to complicated expressions not as yet confirmed experimentally. We 
make use of a simplified expression following from the logarithmic formula 
of Liohtenener [16] which, apparently, is applicable for porous substances 
with small e( < 6), and partly confirmed experimentally at UHF [24] ; namely, 

tanA'cp tanA'ft 

— (14) 

Pep p h 


where p'* and A'* are the density and loss angle of the terrestrial material 
in a dense crystalline or amorphous state (porosity absent) and pop ^-nd 
Acjp are the average density and loss angle of the same porous material. 

The dielectric constant € of the porous material depends on the degree of 
porosity and the dielectric constant €* of the substance in the naturally 
dense state (when pores are absent). For a porous solid dielectric the 
following formula of Odelevsky [20] and Levin [21] is generally accepted: 

3a; 

1 

2€jfc+l 




where a; = 1 — (pcplpk) is the volumetric concentration of the pores. For the 
powdered state we have Boettcher’s formula [22] 

€—1 €*““1 pep 

3c cat - h 2c pjc 

The two formulas lead to closely the same results. 


(16) 
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The average density can in general change in the interval 0 < pcp < pk, 
and € changes in the interval 1 € < €*, while for the terrestrial rocks 

at UHF €k ^ 4*5. Thus, in dejiendenee on pcp, for each material cannot 
vary more than ^/€ 21 2 to 2-5 times. For sudi variations of density as are 
possi])le on the Moon, the variations of ap])arently do not exceed 1*6. 
This dependence on pep cnahles one to estimate with sufficient precision the 
density of the lunar material. Let us note that there exists another 
possibility of inde])endent deteiTnination by radio emission of the value e, 
and from this the density p of lunar material, discussed in [26] and [27]. 


(b) comparison with terrestrial rocks; density and dielectric 

CONSTANT OP LUNAR MATERIAL 

111 specimens of terrestrial rocks measured at A = 3*2 cm the density did 
not vary. The s])ecimens of different i*ocks had a density comprised in the 
interval 0*6 < p' < 1*25, a dielectric constant 1*65 < c' ^ 3-3, iUid loss 
tangent < tan A < 23*10 The siiecimons were measured in dry 

state under ordinary conditions*!*. 

A striking result was the fact that the ratio tan A/p' proved to be 
practically identical for all rocks under investigation, and equal to 


tan A' 

— — = (l.r> ± 0*3) X 10-2. 


(17) 


If the grou]) of rocks investigated is identified with those on the Moon, then — 
in whatever ])hysioal state of (porosity and ])ulverization) they may be — ^the 
magnitude of th('. ratio (17) should remain the same. Accordingly, by sub- 
stituting (17) in (13) we find that the material on the Moon should have a 
dielectric constant close to unity. On the average, one may conclude tluit 
€ = 1*6. By substituting this value in (15) or (10) instead of €k and pk, the 
average magnitude e' = 2*8 at p'=l-2 measured for the rooks, it is not 
difficult to find that a density of the rock pep = 0*4 to 0*5 corresponds to 
the derived dielectric constant. Let us, therefore, adox>t for the lunar 
material the values of 


€ = I*() and pcj, = 0*r). (18) 

This conclusion seems to be <|uite natural since, if the rocks invcstigatcxl 
under terrestrial conditions had a density of the order of unity, then under 
lunar conditions the density of such rocks can only be less due to the con- 
siderably more favourable conditions for the formation of highly ])orous 
material. The conclusion as to the lower density of the lunar rocks than that 
accc]ited previously is supi)orted also by the observed high radio temperature 
of the Moon [II]. Actually, according to (15) or (16), a low € corrosj)oudH 
to a low value for the average density of a substance; and this k^ads to an 
increase in the emission ca})acity (J — li) in the radio range. The now value 
€ = 1*6, in com])arison with the earlier accoptal values of € = 3 to 5, gives 
an increase in the intensity of the radio emission (radio temj)eratiire) of the 
Moon by 6 to 10%, which essentially reduces the earlier observed difference 
between the optical and the radio temperature. 

I Air instead of a vaotium (janiiot introduce any upi)t*ociablo changes in tho results 
for € and tan A. 
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Thus our comparison shows that the investigated rocks can, in a first 
approximation, be identified according to their electrical ])araineterH, with 
those on the Moon. It should be noted that the values y, leading to f con- 
sistent with the data of the electrical conductivity of the investigated ter- 
restrial rocks and the high intensity of radio emission, lie in a relatively 
narrow interval 800 < y < 1200. This is evidence of the sufficient j)reeision 
and reliability of the adopted value of y = 900 and points to good agreenumt 
of these values with the conductivity. The former contradiction betweem 
these data thus completely disappears. 


(C) HEAT OOHDUOTTVITY AND DEPTH OP PENETRATION OP TIFE THERMAL AND 
ELEOTROMAONETIO WAVES 

The derived values y = 900 and p = 0 * 5 , give for the material of tlu^ Moon 
(fore = 0-2 k = 1 -25 X 10 “5 instead of the ear Her value of & = 3x 10 “®/) = 2. 
The depth of the penetration of the heat wave will be equal to 


= 



10 cm. 


(IHa) 


From here, and also from (10), the thickness of the radiating layoi* for waves 
of the centimetre and millimetre range is 


Z^-20A. (19) 

In accordance with (13) and (18), the loss tangent of the lunar niat(M*ial 
corresponding to p = 0-5 and € = 1*6 is 

tan A 2:1 0*6 x 10"2. 

The effective electrical conductivity at A = 3*2 cm is, accordingly, o(pnd 
to 


(y(3) == 4-5 X 10’' in e.g.s. units. 

(d) temperature op the surface of the moon 

The experimental values of Tq/Ti and the measured value of tlu‘ constant 
component Teo of radio temperature allow for a unique det(n*inination of Tn 
and Tm at the given law 7](P). For this it is of advantage to iis(‘ sonn^ mean 
value of TeOi derived from measurements at different wave l(‘ngtlis. However*, 
one must make certain that the temperature griulient (due to tiu' flow of 
internal heat) at the upper layer of the material, res'|)onsil)le for radio 
emission, is sufficiently small. The values of the gradients given in various 
investigations arc much higher than the minimum valuer lu^ec^ssary for 
detection by moans of measurements on centimetre and millinudn^ wav(‘ 
lengths [28], [29]. If the most reliable value of the fhix which is giv(ui in 130] 
and equal to 0-25 x 10“® cal/cm^sec is adopted — ^then k(d7.ydx)=={)-2r> x 10 
Hence, oven for the lowest estimate of thermal conductivity (K = 3 x 10 ■®) 
the gradient (dTjdx) < 0*1 deg/cm — ^i.e. at the depth of th(‘ o!‘(lcr of 1 in 
from which wc still receive the emission at A = 3 cm, a dillVrence in tenqxTa- 
ture of less than 10° K can be expected. This could give an inci'c^ase in t.he 
average radio temperature on this wave length in com])arison with th(^ 
millimetre wave of less than 6°. It follows that in the observcnl i*ang(^ of 
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-wave lengths the constant component of radio temperature should be 
practicallj'' identical for all the wave lengths, and the observed nonsystcmatic 
dispersion is duo to observational errors. 

I'he weighted average for the constant component of the radio tempera- 
ture of the centre of the disk 


TeQ = 230 °K 

js iidopted. The error in this value apparently does not exceed ± 5%. 
Hence, with € = 1*() wo obtain To = 234° K and in accordance with (9) 
Ti = 156° K. By substituting this in (5) we derive the following values of 
the true temperatures of the surface of the Moon. 

Tn = 127° K, T„i = 407° K 

at midnight and noon, respectively. 

The radio temperature of the centre of the disk is, consequently, for 
£ = 1 () 


Tc = 230°+ cos(Q«-^). (I9a) 

V(l + 28 + 282 ) 

The values Tn = 125° ±5° and T.»j = 407° K obtained in the infrared 
region (A = 8 to 12fx,) do not contradict, within the limits of the precision 
of measurements, the highoi* tcunpcraturcs found from the radio data. 
The computations of y fi'om oi)tical observational results on the temi)era- 
ture curve of the eclipse and night tein])craturc of the Moon [1] are based 
on the tein])erature of the subsolar imint == 374° obtained theoretically, 
as is now known, from a too low value of the solar constant. It is not dilHcult 
to reduce the results of the*! o])tieal eclipse to the night tem]>eratiire. Tn 
accordance with [11 the experimental temx)eratTii‘e curve at th(*« time of the 
cclix)se c()rrc‘sj)on<ls to a theoretical curv(^ with the parameter 

cciual to 1 -5. In this case's for Tni = 374° K and th(^ radiating esapaeuty 
jS 7 = I ((T and # 0 , constants) y = 1026. At Tm = 407° K and an average 
albedo of (AJ = 0*92) the same parameter is ()l)taiiied with y = SOO. 
The a])])roximate corrections to tTa<^ger’H curves [1] for tlu's de]>en<lence of 
the surface teinj)erature on the -[diase gives for Tn = 127° K the value 
300 ^ y ^ 600. Thus th(^ valiu's found for Tn mid bring the optical 
data for y, obtaiiUHl from tlie ecli])se and lunations to better mutual 
agrecnienti’. As is seen, the ojitical and radio data on tem])ei’atin*e are in 
need of more jireeise and reliable measurements. 

From the above facts the following conclusions can be drawn: 

1 . The surfa.co layc^ of lunar material is qnit(' homogimeous in its ])hysical 
proxierties, at least to the de]>th of the order of 1. m, and is characterized by 
y = 900. The hy]>()thesis of a nonhomogeneous two-layiu' structure is not in 
accordance with the data on radio emission. 

2. By its electrical jiarametcTs the upper layer of the Moon can bo 
satisfactorily identified with teiTostrial volcanic rocks, and cannot contain 

t This discrepancy w*ih ospocially noted in [I]. 
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any significant admixture of dispersed meteoritic iron. This confirms the 
view of the endogenous origin of the upper layer. 

3. A comparison of the electrical parameters of the lunar material with 
terrestrial rocks leads necessarily to the conclusion of a low density of lunar 
material of the order of 0-5 gr/cm^, due, for example, to their great porosity 
which may attain 80% by volume. This, together with the low thermal con- 
ductivity, calls for the assumption of very loose porous material, or, perhaps 
a dust structure. However, at such low density the latter is less likely. 
More definite conclusions on this may be obtained from nwlio measurements 
if more precise determinations are made of optical and radio data as well as 
detailed investigations of the electrical and thermal parameters of terrestrial 
materials. However, we already possess optical data (such as the scattering 
indicatrix, dependence of polarization on the phase of the Moon) refuting 
the pulverized state of the material on the topmost surface [19 |, [32], or 
[16] ; and consequently, in accord with the proved homogeneity of the surface 
layer in depth. 

4. The radio data for the temperature and the basic thermal i)arametQrs 
of the upper surface layer of the Moon agree satisfactorily with the optical 
data for the same parameters. 
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THERMAL RADIO EMISSION OF THE MOON AND 
CERTAIN CHARACTERISTICS OF ITS SURFACE 

LAYER 


A. E. SAXjOMONOVIOH 

Lebedev Physics Institvte, Academy of Sciences, U.8.S.R. 

In order to \lsc the data on the ^^dio eniisaion of the Moon as a basis for 
conclusions regarding the characteristics of the surface layer of the lunar 
cnist, additional data or assumptions about the properties of this layer are 
necessary. The use of high-resolution radio teIescox)es reduces to a certain 
extent the unavoidable arbitrariness in the selection of parameters. 
Observations with the 22-in radio teleseox^e of the Physics Institute, Academy 
of Sciences, made it ])ossible to evaluate certain characteristics of the surface 
layer without relying entirely on o])tical data. 

The o})scrvations were inadc in 1959-00 at the 0-8, [2, 3], 2-0 [4], 3-2 [5] 
and 9*0 cm [0] wave lengths. At the wave length of 9*0 cm the brightness 
temx)erature averaged over the disk of the Moon was measured at a co- 
incidence of antenna diagram axis with the centre of the disk. Since the 
width of the diagratn at the level of 3 db was 19', practically the toinpcraturo 
of the central pait of the disk was measured. The antenna parameter were 
determined from data of measurements of discrete sources of radio emission 
[7]. The brightness tem]*)erature, within the accuracy of relative errors of 
measurement ( ± 2%), was found to bo inde])eudent of the phase of the 
Moon and (upial to 230'^ K. The errors in determining the al^solute brightness 
temperature amounted to ± 

At 3*2, 2 and 0*8 cm M'ave lengths the antenna x)attern of the radio 
telesco])e was ()'*3 ^ 4' and 2' resx)ectively, which after correcting for 
the antenna smoothing enabled to obtain a two-dimensional distribution 
of radio brightness over the lunar disk radio image of tlxe Moon). 

On Figs. 1 and 2 exami)les of the distributions obtained at A = 0-8 and 
3*2 cm are given. The region of maximum radio brightness shifts systematic- 
ally along th(^ lunar eciuator following the sub-solar i)(>int. Furthermore, 
there is a constant weakening of brightiu^ss in the direction from the equator 
to the x)oles, due to a decrease of surface tein])ei*aturo with latitude The 
deviations of the ra(lio-isoi)hotes from axial symmetry observed on many 
radio images are, possibly, connected with various j)ro])ei*ti(^s of separate 
regions on the surface of the Moon; but this conclusion needs verification. 

The phase dependence of radio brightness distribution leads to x)oriodic 
brightness tempcmiture variations in the centre of th(> disk Tc* These varia- 
tions are maxiimnn at the 0*8 cm wave length [8] where they are noticeably 
anharmonic; the mean values Tc = To were determined with an accuracy 
of ± 15% and on 0*8, 2*0 and 3-2 cm wave lengths they wore found to equal 
210° K, 190° K, 223° IC, respectively. An analysis of the results of measure- 
ment at 0-8 and 2 cm wave lengths, caiTied out by a i)reviously i)roposed 
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FiaxntK 2. 


method showed that the effective dielectric constant of the surface layer does 
not exceed 2, and the latitudinal distribution of surface teni])orature is given 
apiR-oxiinately by the function cos ^0. During further reductions we also 
took into account the more accurate values of surface temperatures in the 
centre of the disk at lunar noon (407® K) and midnight (125® K) measui’ed 
in the infrared region of tlwi Hi)ectruni. 

In the following table are given the ratios of the first harmonic Tc 
to T(), as well as the ratios of the depth of penetration of radio and the first 
harmonic of the thermal wave 8i [9]. Listed also are the phtise lags of the 
first harmonic of the variable comiK)nent of radio temj)erature relative to 
the opti(uil phase f . We titilizcd the values obtained with the nuiio telescope 
of the Physics Institute, Academy of Sciences, on 0*8, 2-0, 3-2, 9*() cm, 
as well as the published results by Piddington and Minnett (1*25 cm[10]), 
Troitsky, SelinskayaandFedoseyev (1-63 cmf ll]) and Mezgor (20-5 cm[12]). 

For A > 1 cm, 5i/A 2. At 0-8 cm, 8i/A = 2-5, which is somewhat 
higher than the indicated value, although it is close to it. The constancy of the 
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Table 1 


A (cm) 

TolTo 

8 

SiA f(calculated) ^(observed) 

a 


0-20 

2-0 

2*6 

34 

30 + 5 

0-85 

1-26 

0*17 

2-4 

1*9 

35 

45(?) 


1*63 

0-16 

2-3 

1*4 

35 

34 


2-0 

0-10 

4-4 

2*2 

39 

40 ±5 

0-40 

3-2 

0-076 

6-1 

1*9 

41 

45 + 5 

0*29 

9-6 

<0-02 

>24 

>2-4 

— 

— 


20-6 

<0-02 

>25 

>1-2 

— 

— 



ratio Si/A is evidence of the approximate constancy of layer ■|)ro])eitioH 
responsible for radio emission in the 1 to 3 cm range. 

For a comparison with Jaeger’s calculations [13] the mean values To 
of brightness temperatures, obtained on 0-8, 2 and 3-2 cm (210° ± ir)<J{,, 
190° ± 16% and 223° ± 16% respectively) were reduced to the nun'e 
reliably measured value of 230° K measured on 9*6 cm. The ])aramet(T 
C = given in Jaeger’s calculations is also listed in the table for 

0*8 ; 2 and 3*2 cm. The phase variation curves of the lunar radio tem])cratiire, 
computed by Jaeger, were corrected by taking into account the more accur- 
ate values of surface temperatures listed above. The obseTwational results by 
Pettit and Nicholson [14] could be explained assuming that 

(ipc)“i/2 == 300 ± 460. 

On the other hand, the constant component of brightness tem]>(u*atur(^ 
230° ± 10%, derivedby us, coiTesponds to = 300 - 1 . l()0(). Jaeger’s 

curves wore modified and plotted for (A;/)c)”i/2 35^0 and = 10'^, 

using values of 0 which correspond to 81 obtained at 0*8, 2*0 and 3*2 cm. 
The observed i)haao variation curves of brightness temjx'raturi^ at the 
centre of the disk agi'ee with the above theoretical cuives within limits 
of observational errors (Fig. 3). 

The above data give more definite evidence than thost' obtained i)r(‘- 
viously in favour of the one-layer model. For this it is necc^ssary that 


400 
300 

k5> 200 
100 

180 270 0 90 ^ 

C=0-a5 (<5,=2-0) 




FiauiO! 3. 

corresponds to {A;/)c)--*=3S0 

oorresponds to (ibpc)“l = 1000 
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{kpc)~^l''^ < 10^, which is in favour of a very ])()r()iis and not dtMise material. 
This is also confirmed by the relatively k>\v value of the etfective dielectric 
constant (I < € < 2). An estimate of the de])th of ])enetration of the thermal 
wave made for = 600 and e = 1-5, leads to an elfoctive density of 

the radiating layer oqm\\ to 0*5 g/cin^. At these assumptions K = 3-5 x 10”5 
and the de])th of thermal wave jienctration is ~ 20 cm. Ado])ting Si = 2A 
we obtain a depth of iienetration of electromagnetic waves 40A. The loss 
angle at A = 2 cm is in this case equal to 10'. 

A higher value of the parameter Bi for the 0*8 cm wave length indicates 
apparently a certain decrease in density and thermal conductivity toward 
the smfiico. Gradual changes of these projicrties with depth are only to 
be expected. 
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THERMAL RADIO EMISSION OF THE MOON AT A 
WAVE LENGTH OF 10 cm 


V. N. KOSHOHENKO, A. D. KUZMIN, A. E. SALOMONOVIOH 

Lebedev Physics Institute, Academy of Sciences, U.8.8,B. 


The investigations of intensity and phase dependence of the thermal radia- 
tion of the Moon at various wave lengths of the radio-range are very import- 
ant for clarifying the properties and structure of the Moon’s surface 
layer. 

In the 10-om range the radio emission of the Moon was investigated by 
Kaydanovsky, Turusbekov and Khaikin [1], and also by Akabane [2], 
According to the data in [1], the constant component of brightness tem- 
perature of the Moon, averaged over the disk is Tbro = 130® K; and the 
variable component due to the dependence of brightness temperature on 
the phase of the Moon, is absent within the limit of accuracy of 8% . However, 
according to data in [2], Ttro = 315® K, and the amplitude of the variable 
com])onent attains 25%. Besides the results just quoted, the paper by 
Piddingtou and Minnott [3] contains a reference to a single measurement 
at the 10-cm wave length, yielding Tbr = 215® K. 

Since the results of these investigations diifer still apx)rociably (x)robably 
due to an insufficient accuracy in estimates of the parameters of the ultilized 
radio teleseoj)es), we have at j)rcsent no clear conception of the intensity of 
thermal radio c^niission of the Moon in the lO-cm range and of its dependence 
on the ])has('!. In order to obtain more rc^liable data, wo have conducted a 
cycle of observations of the radio emission of the Moon at 9 -O-cm wave length. 

The observations were carried out by means of the 22-om radio telescope 
at the Physical Institxite of the Academy of Sciences, TT.S.S.R. [4]. For a 
receiver a modulation radiometer, briefly described in [5] was used. The 
calibration of antenna tcmi 7 )erature was carried out with the aid of a gas- 
discharge noises gcuuurator placed in the channel of the equivalent. For the 
time constant of 4 sec, the fluctuation sensitivity was 0-5° K. The antenna 
temperature of the Moon varied from day to day as a function of the apparent 
angular diamotc^r of the Moon within the range of 132-154® K. The transits 
in azimuth through the centre of lunar disk were controlled by means of 
an optical sighting device during observations carried out on clays when the 
Moon was o])tically visible. When the Moon was invisible (cloudiness, now 
Moon), th(^ antenna c^f th<‘. radio telescope was aimed at the calculated 
position of the centre of its disk. The transits in azimuth were conducted 
with the dilferential B])eed of 2-3 minutes of arc per minute of time. In 
consecutive transits the j)osition of axis was shifted in the elevation angle. 
From recordings thus obtained those corresponding to the maximunx value 
of antenna temperature were selected, thereby exolxiding non-central 
passages. 

The conversiotx of thci antenna tem])oratxiro into the brightness tempora- 
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ture Tr, averaged over the disk, was made by means of the relation 


AnTbr 

’^~{i-^)OSF{q,,e)da‘ ( 1 ) 

The gain 0 = 2*6x105 + 15% and scattering coefficient P = 0*32 of the 
antenna were determined earlier [6] from the discrete source of riidio emission, 
Taurus A, whose flux density at A = 9*6 cm was assumed to be equal to 
p = 709 X lO-^e w in--2 The integral 

J F(<p,8)da, 

was determined by numerical integration of the dii*ectivity pattern of the 
antenna, jP((p, 9) within the limits of the visible disk of the Moon Q([. 

The results of observations, carried out from 8 April to 28 May 1960, 
are shown in Fig. 1, where the values of the Moon’s brightness temperatxire, 
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Big. 1. Besults of obsorvations carried out botwooti 8 April and 28 May 1900. 


averaged over the visible disk, are plotted as a function of the Moon’s phase. 
The average value of the Moon’s brightness temperature at A = 9*6 cm 
is Tiro = 230 ± 4*5® Kf. It is clear from Fig. 1 that — within the limits of 
observational accuracy — ^there is no regular deviation of Tbr from the 
average value. Consequently, at the wave length of 9*6 cm the amplitude 
of the variable component does not exceed 2%. Thus, the conclusions of [2] 
on the presence of a variable component of 25% must bo regarded as 
erroneous. 

The magnitude of the constant component of the Moon’s brightness 
temperature as given in [2] is apparently also overestimated. On the other 
hand, the data on the constant component of temperature, as given in 
[1] are apparently greatly underestimated. 

Our results for Ttro are in good agreement with the measurements in 
20 cm range, carried out on 25 m radio telescopes by Mozger and Strassl 
[7] who obtained Tm = 250° K ± 12%, and with the single measurement by 


t Apart from that, there is a systematic error of 15 %, caused maiixly by tlio inaccuracy 
in determination of antenna parameters. 
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Westerhout [8] (Tbro = 232 + 60°K)t. No phase variation of Tbr was re- 
vealed in measurements reported in [7] within the accuracy of 2%. The 
slight increase in brightness temperature at transition from 10 cm to 20 cm 
(taking into account systematic errors due to an inaccurate knowledge of 
the parameters of radio telescope antennas) apparently cannot as yet be 
regarded as real, although it does not contradict the concept of tempera- 
ture increase with penetration into the depth of lunar crust. To clarify this 
interesting problem, it would be advisable to conduct measurements of the 
Moon’s thermal radiation at longer wave lengths. 

The virtual absence of ])ha8e variation on decimetre waves is compatible 
with existing concepts of the mechanism of the Moon’s thei'mal radio 
emission [10]. 
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THE PHASE DEPENDENCE OF RADIO EMISSION 
OF THE MOON ON 3-2 cm 


K. M. STBEZIINEVA, V. S. TBOITSKY 

Rndio-Physics Research Institute, U.8.8.R. Academy of 8cience8, U.8^.B 

The absolute measurenients of the intensity of radio emission of the Moon, 
carried out with the aid of more advanced equipment and method of calibra- 
tion, made it possible to reveal its variation with the phase, and yielded the 
value of the effective temperature for the centre of the disk practically equal 
to Ti = 245°-t-ir)-5'’ co8(flt-r)0‘’), the ratio of penetration depth of the 
electric wave to the thermal wave equal to 6-0, and 8/A = 2'0. 

The dependence of the radio emission of the Moon at 3 -2 cm on its p^se 
has not been revealed until recently. The basic task of our work consisted 
in measuring the phase dependence of the radio temperatime at 3-2 cm, 
with a more accurate method of measurements of absolute intensity than 
had been used ])rcviously [1]. For this purpose we employed a new method 
of antenna calibration [2], a more precise method of measurements and 
reduction of the data (taking into account the effect of background noise of 
the antenna), mid new improved oqidpment [3]. Before the results are 
discussed it is, however, tidvisable to give an account of the method o 
measurement. 


1. Method ok Mbahuubment of the Antenna Tbmferatcke 
The absolute measurements of the antenna temperature of the Moon 
were mtule by the method of calibration using natural noises of the antenM 
[4] witli a modernization [5] allowing for an automatic reduction of the 
absoriition in our atmosphere. The measurement procedure consisted, as 

usual, of two operations; , ^ , . i.v 

1. Measurement of the difference between signals of the antenna, the 
beam of which wtis direrted skyward to the height of the Moon (to the ri^t 
or left of the Moon), and the “ cold ” radiation standard (having the 
siuTounding temperature) connected instead of the antenna. 

2. Mciwuirement of the signal increment when directing the antenna 

beam toward the Moon. . , , ^ „ • ix„ 

A more precise analysis of this procedure yields the following results. 
The temiierature of the signal at the output of the antenna directed skyward 
to the height of the Moon h will be [2] 


Ti(h) = Tnm'i--P)v + T<fW+To{l-'n), 


( 1 ) 


where ri is the antenna efficiency; the coefficient of power dissipataon 
anart, from the specified major lobe; T^ih), the effective radio-ternperature 
of the sky at an altitude h-, T^(h), the background temperature of antoa 
output which is equal to Wr,p, wherein Uh) is the mean temperat,^ 
of the background according to minor lobes, allowmg for the atmo^to 
and ground radiation; and To is the temperature of antenna material. Let 


fiOl 
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the temperature of the cold standard be The first operation 

yields 

Icqn = T^-Ti(h) = ^t-Tn{h){l-‘p)rj^l\(k)-{^Tov. (la) 

where rj is the deflection of the output meter on switching the latter 
from the antenna to the standard, measured in mm ; and k is the sensitivity 
of equipment, measured in ""/mm. 

In aiming the antenna beam at the Moon, as a result of a sligiit (change 
of the antenna direction only in azimuth, the temperature of tlie antoniiiv — 
induced by the radiation of background [I ] — will not vary and therefore 
the second procedure yields 

kill = (2) 

where rji is the deflection of the output meter on directing the antenna 
toward the Moon, and Tai is the antenna temperature! of the lunar radio 
emission attenuated in the atmosj>hcrc. 

Excluding fe, from (1) and (2) wc obtain the final expression for (k^termin- 
ing the antenna temperature from the radiation of the Moon, or of any 
otW source 

Tai = . (3) 

L v V J 

It is obvious from the expression thus obtained that in x>rccise measure- 
ments we must know, and take into account, the backgrouml tein])eraturc 
and the antenna efficiency, introduced as corrections. In some (‘.ases it is 
advisable to represent oxi^rcssion (3) in a somewhat dillerent foi‘in. A<t(*.ording 
to [7], 

Tn{h) = !r9{l-exp(-yo/HiuZi)}, 

where = Tq— AT; Tq being the temperature of atinos])Iu‘r(^ n(*nr the 
ground, and yo the absori)tion of the entire atinosiduu’c^ in tiu^ zcuiith. AT 
depends on A and A; for A — 3-2, at A > 5® (j)lane atmosphere), AT c:' 30" K. 
Inasmuch as the Moon is being observed at altitudes for which the?: atmos])h(^re 
can be considered plane, Tai = T^ai exp( — yo/ain h), where T^at ih tht^ a.nt(»mia 
temperature in the absence of atmospheric al)K<)ri)ti()n. By substituting 
expressions Tj{{h) and Tai in (3) wo obtain 


L exp(-yo/BHlA) 

^Ar(l— j 8 ) 1 — exi)(— yo/sinA) ^ 




To 

•where, as we know, 


■jfVW 1 

cxp(— yo/sinA) ijT’o PX])(— yo/niii//.) J ' 

J TiFda 


(4) 


J 

Mr 


(15) 


FdQ 
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where cd is the solid angle of the Moon; Ti, the disti'ibution of radio brightness 
temperature over the Moon’s disk; and jP, the power diagram of the antenna. 

Let us now evaluate the separate tenns. For A = 3-2 cm, yo = 0*02 
neper and for all altitudes ^ > 5° 1 — exp(— yo/sin 7i) = yo/»in h. Since in 
all measurements the Moon’s altitude was not less than h = 20*^, yo/sin ^ < 0*06. 
At j8 = 0*2f , the second term in (4) constitutes about 1% and can be neglected 
while the third term amounts to no more than 0*5% at AT = 30°, and the 
fourth tenn can introduce a correction of up to 5 to 7%. Thus, with a 
sufficient degree of accuracy, 


ni 

Tai^=^-To 1 + 
nn L 


Ai ■“ T(p(^) 




( 6 ) 


This formula served for calculations of the antenna temperature. The 
quantity T(p{h) was determined by the method described in [2] and con- 
stituted, at A > 20° or 30°, 25° K for the horizontal polarization and 35° K 
for the vertical. The quantities To, At and rj were determined for each 
measurement. 


2. Determination op Moon’s Radio Temperature- 
As the width of the antenna pattern was comparable with angular 
dimensions of the Moon, we can determine from (5) only the Moon’s average 
temperature over the disk with the weight of the diagram (8); cf., e.g. [9]. 
Indeed, multiplying and dividing (5) by 

Jj-dQ 

(i) 

we find that 

<0 

TJ> = Tif TiAi-Pi), ( 7 ) 

An 


whore 


J TtFdQ. 

M 

Tip 

jpALI 


( 8 ) 


tin motisuroinents for angloH/i >20'^ it is ad vinablo t.o dotoriniiio j8 in oxprosflion (1) 
by assuminji; that tho angular (limonHion of th(^ major loh(» ih of tho order of the back- 
ground inhoinogoixeity — i.o. 10-15“, This corronponds to the value of j3 given above. 
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is the weighted average radio-temperature of the Moon, and 


J Fd£2 

An—b) 

A = — (9) 

iFdCl 

An 

is the coefficient of "‘scattering,” indicating — on examination of trans- 
mission — ^the fraction of the power radiated by the antenna outside the 
Moon’s solid angle. The quantity of Tip — for any diagram — is obviously 
comprised within the range of values corresponding to the radio brightness 
temperature of the central part of Moon’s disk 3^/(0) (shaiq) diagram) and to 
the average temperature over the disk (a diagram width much greater than 
the angular dimensions of the Moon) 

Ti = J 


Allowing for the fact that the decrease of brightness temperature T 
occurs only vdthin the range of a narrow ring of 2' — 3' of arc. (cf. 
[8] and [12]) and that the beam width is 36', we must assume that our 
determined value of Tip is closer to the value of Ti(0) than to the value Ti» 
However, the difference between these limits is small and constitutes about 
10% cf. [8] and [12]. 

It is obvious from equation (7) that the dctemiination of /3i is necessary 
for determining Ti. A method for measuring the scattering coefficit^nt on 
a reflecting sheet was proposed and investigated in [2]. The quantity 


^ j* Fd£l 

An—Cl^ An 


is measured with the angular dimension of the sheet Qq. We shall express 
T^ai through this measured quantity. Multiplying ancl dividing (7) l)y 


we obtain 


J 


Fd[l, 


jFdQ 

= Tip (l~iSno)- (10) 

Hence it is evidently advisable to select Ho equal to the Moon’s solid 
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angle (cf. [10], and also [6]). However, since the latter varies during a cycle, 
this does not eliminate the necessity for calculating the ratio of the integrals 
for each measurement and, consequently, also the necessity of knowing the 
antenna diagram. The error of measurements will be minimal when Oo is 
selected to be of the order of the solid angle of the major antenna lobe. The 
coefficient ^ of antenna scattering was measured by the method of reflecting 
sheet, described in [2], for two dimensions of the circular sheet : one with the 
visible angular radius fo = 48' and solid angle AQq = '7rro^/4, and another 
with the visible angular radius = 16' *5 (see Fig. 1), equal to the maximum 



Frcj. 1. Koflecting sheet with radius ro = 16'5. 


angular radius of the Moon. Let us designate by oc the ratio of integrals in 
(10). For every measurement this quantity changes in accordance with the 
variation in angular dimensions of the Moon. We note that Tw should be 
virtually inde|)endent of the Moon’s dimension (or a small quantity of 
second order in com])aris()n with the dependence on a). For an axially- 
symmetric diagram . 




F(e) snSde 


0 


a = 



snddd 


( 11 ) 


where Tq and r are the sheet radius and the given radius of the Moon re- 
spectively. However, r = Tm— Ar, where is the maximum radius of the 


506 K, M. STRBZHNBVA, V. S. TROITSKY 

Moon during a cycle. Assuming that r© wo obtain 


J F{B) mQdd— J F(d) 


= oco— Aa, 


/ 


F{B) m.BdB 


where 


rm 

\ 


F[B) snBdB 


*'m 

I 


F{B)BdB 


oo = 


Aa = 


F^rmymkrm-r) 


Jj’(e)snfld« j F(e)8de jF{e)ede 


(12) 


(13) 


Thus we obtain the following final expression for Tai : 

T<>ia = 71p(ao-Aa)(l-jSr,). (14) 

which was used for the calculation of Tif- In the case of ro = r^n we have 

TOai=Tip(l-A<x.)(l-prJ. (15) 

Let us note that or are the antenna parametorH which arc dctcrniincd 
only by the geometry of the antenna; and therefore it is sufficient to measure 
them once during each period of observation. In this case, the above- 
indicated method for measurement of the antenna temperature is advisable. 

However, if the reflecting sheet and the “ black body ’’ radial ing an^a [ 2] 
can be used for each given measurement of the Moon’s radiation, it is more 
expedient to determine the antenna temperature by another })rocedure, 
eliminating the necessity of taking into account the background tcunpcraturci 
of the antenna. Indeed, by determining the difference of tiie received 
radiation of the sheet and of the “ black body” radiating area we obtain 

knje = (To — rsheet)(l— (1 5a) 

where Tq is the temperature of the “black” area; Tyhect i*^ the etlectiv(‘ tcun- 
perature of the sheet, dependent mainly on the scattering and r<^fle<^tion of 
sky radiation in the corresponding angle [6], 

According to the second procedure (equation 2), the increment of the 
signal from the Moon yields hm = Tair). Prom both measurements 

_ ni 

Tai = = exp[~y(A)]7^0ar (16) 

Tije 

KnaUy, accoiding to (7), 

r® = — (2’0-2’Bheet):; — r-®xp[y(A)], 

% 1— ft 


( 17 ) 
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where 


J FdQ. 

1 — ^ro ^^0 

” 7 ~ *' (I7a) 

i-ft Fcia 

6 ) 

It may appear advisable to employ tlus method also with a single use 
of the sheet, having measured once and for all (by means of the thermal 
calibration) the quantity {TQ—TeXieei){l—pn)i in formulas (1C) and (17) 
which constitutes in essence a constant parameter of the system (Tsiieet on 
centimetre wave changes veiy slightly with prevailing meteorological con- 
ditions). However, in order to determine this quantity, it is necessary to 
measure independently the efficiency rj and tins, as we know [2], requires 
taking into account the backgi'ound noise of the antenna; and onccs we do so 
wo revert again to the method discussed above. 

If the value in the expression for temperature 

^1 = (^^0“2^sheet)(l — 

is found from one measurement, (where tji is the efficiency at the moment 
of sheet measurement) and then Tx = Tavt\a> measured (where r)x is the 
antenna cfficiesncy on the days when the Moon is observed) we have 

Tal =^Tx{To-“T^YiQ(ii){l’—pr^riijr]x, OT 

Tif = -^(2’o- iTsucot)^^ cxi)[+r(/0]^. (18) 

Tl 7]x 

As can be eiisily verified, the background noise of the antenna, similarly 
enteiing into the expressions for rji and rjx affects the result practically insig- 
nificantly. However, since the antcsima efficiency varies ai)prcciably with the 
meteorological conditions (air humidity, in our ctiso, by ± 12%), this method 
may prod\ice larger en*ors or dis])ersion of the data than in the case of 
application of the above mctliod of sej)arato measurement of the antenna 
temperature and the antenna 3 )arameter 

We note that, as is evident from above expressions, the systematic 
errors of the a])])lied jiiothod of nu^asurements consist mainly of the oiTor of 
the determination of THhoct- This (piautity can be calculated (see ((>)) and 
measured. According to the calculation for A = 3*2 cm and 20 < S^Hboot < ^0, 
the measurements yielded 40° K ± 10°. Thus, an inaccurate 

knowledge of THheot can lead to a systematic error in T^,' (through error in j5) 
of not more than ± 7 — 10%. 


3. The Measurements and Kesults 
The measurements of lunar radio emission were conducted in both 
planes of polarization during the o])tical visibility of the Moon (visual aiming 
of antenna) from August to October 1959 and from May to Sei)tembcr 1960. 
However, reliable data, which revealed without ambigxiity the ])haso de- 
pendence of lunar radio emission, were obtained only in September 1960. 
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These data are presented in our paper. The earlier data are used for deter- 
mining the average radio temperature. A 4-metor paraboloid with a round 
waveguide feed served as the antenna of the radio telescope. The antenna 
efficiency, measured according to natural noise [4], constituted on the average 
rj — 0*85 and varied with meteorological conditions by not more than 
± 12 %. The scattering coefficient of the antenna outside the solid angle 
of the sheet A£lo = 7rr2/4, where ro = 48', is according to measurements 
pto = 0-36, and outside the solid angle AClm = where % == 10-5', is 

= 0*76. The radiometer had the threshold sensitivity of 0-5° for the 
time-constant of 1 sec, with which all measurements were conducted. 
The output was registered by a recorder during 1 min; the antenna orienta- 
tion toward the Moon’s centre was maintained at the same time. The thermal 
calibration was carried out in order to monitor the perfonnance of the radio- 
meter and determine the antenna efficiency. The curve of Tif plotted 
against the phase shown on Tig. 2, was obtained as a result of the redxiction 
of the data by means of equations (3), (14) and (16)t- As the systematic 
difference in measurement in both planes of polarization (of the order of 
1 — 1*5%) may have been due to instrumental effects (some change in 
the pattern, varying background temperature, etc.), this difference was 



• — ^Moon’s temperature in vertical polarisation. 

A — ^Moon’s temperature in horizontal polarization. 


eliminated on Tig. 2 by multiplying the data in vci*tical })olarizatioii by a 
constant multiplier. The reduction factor was found from the ratio of mean 
radio temperatures for both directions of polarization. 

Besides calibration of the antenna using the reflecting shc^et, calibration 
was also made by means of a standard horn [4]. Within the limits of errors 


f !Each point corresponds to 6—6 measurements. 
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both gave the same values of Tif^ In the reduction we used the antenna 
diagram, obtained by means of the Siin, and reduced to the diagram of a 
point-source by selection of an equivalent diagram reproducing the observed 
diagram found by graphical integi*ation. The reality of the true diagram thus 
obtained, is demonstrated by tlie fact that the direction cosine i>o, calcu- 
lated according to the diagi*am, equals precisely Z)(l — where D is the 
direction cosine measured by means of the horn, and is the diagram 
outside the adopted scattering, measured according to the sheet. 

We note finally that the calculation of Tif, cairied out from the measure- 
ments of jSro with the sheet ro = 48' (equation 14), and from measurements 
with a sheet equal to maximum dimension of the Moon’s disk Tm = 16-5' 
(equation 15), where the accurate value of the pattern is not required (the 
diagram enters only in the correction Aa constituting no more than 2 or 
3%), led to the same values within 1 to 2%. We reduced the data also by 
means of equation (IS), assuming that Tjilrjx As was to be expected, 
this increased slightly the dispersion of values of TifI however, it gave the 
same value of temperatures within 1 to 2^)4 • Finally, wo reduced the data 
obtained from measurements of three 1959 cycles, earned out with a double- 
mirror antenna calibrated according to the square sheet. The average 
temperature of the Moon was also found to be 245° K. Taking into account 
the systematic error of the mc^thod and of the calibration of parameters, we 
consider that the error of absolute values docs not exceed ± 15%. The 
precision of relative measurements is not more than ± 1% ; this is seen 
directly from the dis])erHion of the experimental points. It is clear from 
Fig. 2 that the variation curve of Tif slightly asymmetric; however, it is 
approximated rather satisfactorily by the*! exjnession 

Tif = 245° + 1575 cos(SK-50°). (a) 

By com])aring the ratio of the variable component to the average Kxdio- 
temperatui-(^ with the^ theoretical ratio from exi>reHsions for the brightness 
radio-temperature and th<^ average rtwlio-temx)erature over the disk [12], 
we obtain for thes (piantity 8 (equal to the X)enetration depth ratio of electric 
wave to thermal wave [8 1) th(^ value S tvO. Accordingly, 8/A a 2*0, which 
corrcsi)onds satisfactorily to the estimate madci in 1 1] and to measurements 
at other wave lengths [1 1 ]. In cas<^ of a one-layer model the phase shift should 
be ^ = tan'“^ 8/( 1+8) == 4l'\ This is loss than the quantity observed, although 
still within the eiror range of its det(u-mination. 

The rather large constant eomj)(>nent of the radio-tcmiperature, which we 
have foniid, is — in our <)])inion — more reliable than that obtained in [1], 
where the* radio emission of the Moon was determined with the same antenna 
by the method of coin])arison with the known nidio emission of the Sun 
from the (^x])ression 

f F(ia 

Ts 

Tif = — - . Tai, 

<( 
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(cf. [6]), where Tg is the Sun’s temi^erature and Tas is the antenna tempera- 
ture of the Sun, If the data on the antenna temperatures obtained in [1] 
are re-reduced, using the derived parameters of the antenna, then for the 
constant component of radio-temperature we obtain the value Tiq =^50‘"K. If 
we use the later, more accurate value of the radio-temperature of the quiet 
Sun [13], equal to 16 000° K (previously T = 13 000° K was ad()X)ted), then we 
obtain Tiq = 224° K, which is compatible with the value now obtained 
within the limits of observational errors. The higher value of the constant 
component necessitates the revision of the values of cei*tain physical ]nira- 
meters of the Moon. As regards the excessive j)hase lag, wo can hardly base 
any conclusions on this fact, because the accuracy of lag determination 
is not higher than + 10°f, and the curve of variation of the radio emission 
is rather asymmetric. 

In conclusion, we wish to express our gratitude to N. M. Tseytlin for 
carrying out the calibration of the antenna and for his assistance in the 
data reduction. 
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THE RADIO EMISSION OF THE MOON ON 4 mm 
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The aim of this communication is to present the results of an experimental 
research on the intensity of the radio emission of the Moon at 4 mm and to 
describe the method followed in obsei*vations and reductions. It was 
established that the radio brightness of the Moon, Ti, varies during the 
lunation according to the law: jPi = 230°-f-73° cos 24°)K. The 
accuracy in measuring the absolute value of Moon’s radio temperature 
is about ± 10%. The comparison between the phase dependence of the 
radio emission of the Moon at 4 mm and the data from observations of the 
radio temperature of the lunar disk on other wave lengths demonstrated 
that the homogeneous model of Moon’s surface is in good agreement with the 
experimental data. 


1. Introduction 

Numerous measurements of the Moon’s radio brightness within the range 
of wave lengths from 75 cm to 0*3 cm turned out to be insufficient [1, 2] 
for solving the i)r()l)lem of the existence of a sharj) gradient of thermal 
conductivity in the surface layer of lunar ground. This gradient can be simu- 
lated api)roximately, as w'as ])r()])osed by Jaeger [3], by the layer of a vesicular 
substance with a low thi^rmal conductivity (say, dust), overlying a solid 
base characterized by greater thermal conductivity. The results of observa- 
tions of the ])hase dependemee of the Moon’s radio brightness on waves from 
1*6 cm to 0*S cm [4-71 Hatisfied eciually by the single-layer (homogeneous) 
model of th<^ surface of lunar ground and by the Jaeger model, in which the 
thickness of the layer with a low thermal conductivity (lower by one order of 
magnitude than that of the base) may attain several millimeters. The 
ambiguity of intcT^iretation of these experimental data is caused by an in- 
sufficient width of the wave-range [S] in which it was possible to detect and 
measure the fluctuations in th(^ radio lirightness of the Moon during lunation, 
as well as by the low accuracy in measuring the phase shift of radio esmission 
of the Moon relative to its oj)tical phase. In order to solves the problem of 
the structure of the lunar surface we must examine the Jihase dependence of 
the Moon’s radio (unissioii at suflicicmtly se])aratcd wave lengths [S]. In this 
connection it is of interest to measure tlie Moon’s radiation on wave lengths 
longer than 1 •(> cm and on those! shorter than 0*8 cm. 

As we know [0], only single measurements of Moon’s nulio brightness 
were made on 4*3 mm. The a<5curacy of these measiiremcnts is low ( ± 25%) ; 
and, in twldition, tluur small number <loes not permit to determine the 
constant and variable comxioncmts of the nulio temperature of the Moon. 

We presimt below tJu.^ results of a study of phase dei)endcnce of the 
Moon’s radio emission at 4 mm. The measurements were conducted in the 
summer of IflfJO in a mountainous region near Elbrus at the elevation of 

r>n 
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3150 m above sea-level. This place was selected for observations in order to 
weaken the effect of atmospheric absorption on the accuracy of measurements. 

2. Equipment and Method of Measurements 
The observations of Moon’s radio emission were conducted by means of a 
radio telescope consisting of a parabolic reflector antenna (with the beam- 
width of 25' on one-half power level), and a modulation radiometei* of 4-inni 
wave range. The mirror and radiometer were mounted on the ayJmuthal- 
vertical setup. The external view of the radio telescope is shown on Eig. 1. 



Fig. 1. External view of the radio t(^l(weo{)(\ 

It is known [10, 11] that we can eliminate the thermal (calibration of 
the radiometer by measuring the radio brightness of an ccxtratca’i'estrial 
source. Actually the calibration is accomplished according to noistc lev(cl of 
the antenna and thermal radio emission of the atmos})here. Thc^ nu^asure- 
ment of radio brightness of the extraterrestrial source can b(c rccduccal to th(c 
folbwing procedure: (1) aiming of the antenna at the sourctv, (2) sul)se(iuent 
aiming of the antenna at the region of the sky near the sourcxc; and (3) 
aiming of the antenna at the “ black ” region with temperature (ccpial to that 
of surrounding air, Tq. Tor each one of three positions of the radio t(‘l(\sc()pc 
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antenna the output signal of the radiometer is equal to az, and oo, re- 
spectively. It is evident that 


(X.n ^nV(^—^)'^Ts7)pi+TndVPn + To(^ — V)> ( 2 ) 

oo Tor)(l—p) + Tsripi'^Tosrj^n + To{l--r)), (3) 


where the quantity Ti is determined by the formula 


= 1 


Ti{Cl)F(a)d£l / F{Q.)dQ, 


/J 


(4) 


5r/(Q) being the distribution of radio tem])erature over the Moon’s disk, 
Q;, the Moon’s solid angle ; F{ O), the directivity x)attern of the radio telescope 
antenna; the solid angle in which jP(Q) is known. The major lobe of 
the directivity ])attern is known usually in a certain solid angle. It is necessary 
that £1^ > £1/. The qiiantity jS is the antenna dissipation factor outside the 
solid angle £2,*i, i.e. 




I F(Q.)dSll^ 


F{Cl)dQ.. 


(a) 


4n-^A Ajt 


The product Ti(i — jS) is the temperature of the antenna directed at the Moon, 
for the case of no losses in the anteima or the atmosphere. The quantity Ti 
\vould then bo the antenna temjierature when the conditions enumerated 
above arc satisfied, as w’cll as in the absence of antenna dissipation outside 
the angle £l^i. For the sake of brevity Ti will henceforth denote simply the 
antenna temperature. 

Fuithermore, the following abbreviations are used in equations (1-3): 
y = J’o sec 6 is the coefficient of absorption in atmosphere in the direction 
of the soxirce (6^ is the ssenith angle of the source, and jTo is the complete 
vertical absoiption in atmosphere); = Tm(l—e'-y) is the effective tem- 
perature of the atmosphere in the direction of 6, and Tm the mean kinetic 
temperature (weighted in abHoi7)tion) of the atinos])hore between the source 
and the receiving antenna; rj the efficiency of antenna; the isotropic 
part of dissi])ation of the radio teleHcoj)e antenna, and Pn its anisotropic 
part, wherein + = jS. Ts i« the tem])crature of the background, surround- 

ing the antenna, averaged over the isotropic lobes of antenna; iTn^isthe 
background tem])crature averaged over the anisotropic lobes, with antenna 
directed skyward; and, finally. Tog is the backgi'ouud temperature, averaged 
over the anisotro])ic lobes, with the antenna directed toward the “ black ” 
region. The same mountain slope was used always as the black ” region 
under conditions i)revailing at Elbrus. 

From equations (1-3) wo can obtain 

Ti = qey [n-^Tn + {Tos-Tn,)pn(l-pr^l ( 6 ) 


where q s= (a, — ayz)/(ao — a«)- In the treatise (13) the quantity Tm. is cal- 
culated as equal tof 

Q\n To-hK,{y){ey--ir\ ( 6 ) 

t The calcxilationH wore (conducted on tho awsujnption of a plane atmosphere and, 
therefore, formula ((1) is valid for not too large valuoH of 0 . 
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wKere 6 is a constant determining the rate of temperature deca^asem the 
atmosphere with the elevation h above sea-level; T(h) = To— oh; H is the 
effective height of atmosphere, and the function s(y) is a rather rapidly 
conyerging series 


3{y) = 


A 


(b) 


On substitution of equation (6) in (5) the latter assumes the form 

7', = 5j2’o[l + ^(y)]+A3’). 


where 

AT ^ (^) 

The second member (in brackets) of formula (7) represents the con'cction 
for the temperature variation in the atmosphere. If this teniperatnrc wore 
constant, then 6 = 0 and the correction would vanish. 

We should note that, in some well-known experimental works L14-l(>] 
the authors failed to take into account the anisothermal Htructurc of the 
atmosphere in the reduction of their experimental data. This may cause 
appreciable errors if the absorption in atmosphere is sxifticicntly great and 
the elevation of the object under investigation sufficiently low above the 
horizon. Thus it is known [14, 16], that the quantity /’o 0*6 to»; and 

6if/To ^ 0-1 or 4-3 mm (for the standard atmosphere [17]) ; therefore, 
the correction for anisothermal structure for a source at the zenith amounts 
to approximately 6%. The function s(y) increases rapidly with the increase 
in zenith angle (cf. Fig. 2) and, at a = 70% the correction attains already 




49. RADIO EMISSION 03? THE MOON ON 4 MM 616 

20%. Under conditions prevailing at Elbrus the correction for variation in 
tem])orature of the atmosphere did not exceed a few per cent. 

The last bracketed member in (7) is due to the anisotropic distribution 
of the dissipated radiation of the radio-telescope antenna. The author in 
[13] describes an exj)eriment, by means of which he has succeeded in esti- 
mating the quantity AT. It turned out that, for the employed antenna 
system, AT 0*07To And does not depend (within ± 3%) on the elevation 
of the source above the horizon (in the range of 6 angles from 20° to 
80°). 

The X)rocedure described above — ^namely, aiming of the antenna at the 
source, sky and black region — ^was repeated ten to fifteen times in each 
measmement of the Moon. The records of deviations of the output of the 
radiometer were processed according to for 3 nula (7) and averaged. The 
temperature of the antenna T i, thus obtained, was used in further reductions, 
during which the transition was effected from the quantity Ti to the Moon’s 
teinperature Ti (weighted mean over the disk). The equation (4) can be 
presented in the form 


Tz = Tj J F(Q.)dQ I J F{0.)dQ. = olTi, 


( 8 ) 


whore 




J 


Ti{QL)F{Q.)dQ. j J F{a)dQ. 


(d) 


The (juantity Ti is intermediate between the Moon’s radio tein]>erature 
(averaged over the disk) and the temperature of the Moon’s central ])art-. 
Taking into consideration the fact that the radio brightness of the lunar 
disk chaiiges only at the limb [18], we can assume with a suflRcient degrec 
of accuracy [4] that the cpiantity Ti is e(pial to the radio temperature of the 
central ])art of the Moon. 

In determining thes coodicient a, the integral in the denominator of (8) was 
calculated gi'aphically, and th(untegral in the numerator of (8) could bo found 
analytically, since — within the angular dimensions of Moon’s disk — ^thc 
shape of major lobe of directivity pattern was very close to a Gaussian curve. 
The main lobe of the dii’octivity i)attern of the radio telescopes antenna was 
found within the necessaiy limits (approximately in the range of ±60' from 
the direction of maximum radiation of the antenna) by seUseting the initial 
pattern of such a sha])e that the curve of Hun’s transit across the major lobe, 
calculated in accordance with this ])attern, would coincide with the experi- 
mental curve. This seslection yielded the value of 26' for the width of major 
lobe on one-half X)ower level (the same figure was c)l)tained from the calcu- 
lation based on the curve given in [19]). In one case the directivity pattern 
of antenna was measured on a Hat j)eak of the mo\intaiu ridge. The last 
experiment also yielded the value of beamwidth close to 25' on one-half 
power level. 

The coefficient a was calculated with an allowance for variations in visible 
dimensions of the Moon during the lunation. 
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3. Results oe Observations 

The observations, conducted during three lunar cycles (June-August), 
made it possible to obtain the dependence of radio temperature of the 
Moon, Ti, on its phase. ^Figure 3 shows the graph of this dependence. The 
moment of full Moon was taken as the zero time reference in phase reading. 
The experimental points of the graph coincide well with the sine curve : 

Ti = 230°-|-73‘=’ cos(Qo^-24) K, (9) 

where Qo is the frequency of lunation. The dispersion of most experimental 
points relative to curve. (9) does not exceed 3%. This dispersion determines 
the accuracy in measurements of relative values of the constant and vai’iable 
components of the Moon’s radio temperature. The absolute values of the 
temperature are subject to an error of about 10%. The basic sources of 
errors consist in the inaccuracy of allowance for the anisotropy of dissipation 
of the antenna system (the error of which may attain roughly ^%), as well 
as in the approximate determination of the major lobe of directivity pattern 
of the antenna (which may result in an error of about 5% in Ti), Thus, the 
total RMS error, together with the fluctuation error, may attain 

(64 + 25+9)i - 10%. 

The accuracy of the phase shift measurement in (9) is about ±3*^. 

4. Discussion or Results 

It has already been noted in the introduction that three values of the 
radio temperature of the central part of the Moon on 4-3 nim arc quoted in 
Coates’s paper [9]. If his data are plotted on the graph in Fig. 3 wo find that 
they coincide well with the curve (9) ; (the points are marked with crowses). 
As can be seen from the graph in Fig. 3, the cuive of ])hase behaviour of the 



Eig. 3. Intensity of radio emission vs. optical phase of tho Moon. 

Moon’s radio temperature in 4-mm wave range does not seem to contain any 
significant higher-harmonic components. 

The analysis of the phase-dependence curve, plotted in accordance with 
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the averaged experimental points, demonstrated that the amplitudes of the 
second and third harmonic of the lunation frequency do not exceed in any 
case 10% of the amplitude of the first haimonic. It follows froni the theory 
for the homogeneous model of the Moon’s surface [18] that the amplitude of 
second-harmonic oscillation of the x*adio temperature for the central part of 
lunar disk constitutes roughly 18% of the amplitude of the first harmonic. 
Inasmuch as the harmonics have a tendency to smooth out upon averaging 
over the disk j lS] this ex])erimental result is in agreement with theoretical 
expectations. It also does not contradict the results obtained in observations 
of Moon’vS rjulio omission on 8*2 mm [0] and 1*25 mm [5]. However, it 
ap})arently differs from the data obtained for the radio temperature of the 
Moon’s central part at 8-() mm [7]. The phase effect of the intensity of radio 
emission of the Moon at 8*() mm presented in [7], revealed fairly intensive 
higher harmonic components. However, since the author of [7] published 
only the averaged ex])eriniental curve of the phase effect, the question of the 
significance of his basic data remains uncertain — a fact which renders their 
hit eT’],)retation di fficu Itf . 

We shall now use the i)resent experimental data for deteimiination of the 
parameters of lunar ground. It is known from the theory for the homo- 
geneous model of the iunar suifacc [refs. 8 and 18] that 


cos(Oo^~f) 

Ti=^ 245'' + 1(52“ ' K. 

V(l+28+282) 

(10) 

f = teu-H8/(8 + l)] 

(11) 


and 8 is the ratio of attenuation factors of the thermal and electric waves 
in the lunar ground. 

By com])aring formulas (9) and (10) we can ascertain easily that the 
value of constant com])()nent of Moon’s radio tem])erature, obtained expori- 
inentally, (coincides (within the. limits of the accuracy of measurement) with 
that calculat(‘d theoretically. It is evident from equations (9) — (11) that the 
I>arameter 8 of lunar ground can be found from the phase-shift of radio 
emission as w'ell as from the ratio of constant and variable components of 
the Moon’s radio tem])eratur(^ The first method yields 8' = 0-8 ± 0*2, and 
the second leads to tlie value 8" = 0-88 ± 0-16. This coincidence (within 
the limits of observational en*ors) of the values of parameter 8, found by 
different methods, attc^sts to the adecpiacy of the homogeneous model of 
the lunar surfa(‘.e and of the ex])eri mental data obtained in this work. 

Thus the parameter 8/A (A being the wavelength) equals 2*2 ± 0*3 
according to jueasurc'ments made in 4-mm wavelength range, revealing that, 
for lunar r<)(‘.ks, the (juantity 8/A is constant [4]. The observations of 
the ])haH(^ d(q)en(l(‘nee of the Moon’s radio emission at l-()3 cm [4] yield 8/A = 
1*6 ± 0*2 and, as a result of recent measurements [20] conducted on 3*2 cm, 
the authors of [2()| foimd 8/A = 2*2 ± 0*4. The constancy of the ])arameter 
8/A in thc‘ entire waveslength range from 3*2 cm to 0*4 cm bears witness to 
the homogcuK'ity of comi)()sition of the Moon’s crust to a depth of the order of 

t <)u<^ hIiouUI note that tbe^ invostigationH iii [7J w(^rt^ couductc^d iiHuig an aiitonna with 
the boamwidth of 12' on ono-half powi^r level, i.o. with ahighor directivity than that used 
by the author of this investigation. 
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100 cm (since the penetration depth of thermal wave for the Ixinar soil 
constitutes about 15 cm [8]). 

In conclusion, we wish to note that, in order to obtain more accurate 
data concerning the properties of the lunar ground at a depth of a few milli- 
metres, it is necessary to examine the Moon’s radio emission on wavelengths 
shorter than 04 cm. 

The author takes advantage of this opportunity to express his gratitude 
to V. S. Troitsky for directing the work, and to KT. M. Tseytlin for the 
fruitful discussion. Highly valuable also was the assistance in processing 
of experimental data, rendered by M. R. Zelinskaya and V. A. Porliryev, 
for which the author is sincerely grateful. 
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RADAR MEASUREMENTS OF THE LUNAR SURFACE 


G. H. PETTENOILL, J. C. HENRY 

JAncoln Ijtihoratory, Massachmetts hvitituU of Teclmology, 
M<machmetU, U,S,A. 

In this paper aoiiic recent measurements of tlic radio echo power scattered 
by the lunar surface are repoitecl. These measurements were made at a 
radio frequency of 440 Mci)s using a parabolic reflector of 84 ft diameter and 
a peak transmitted power of approximately 2-5 MW. The received echo 
power wiuj proc(^ssed by a high-sj)eed digital comxniter which is an integi'al 
pait of the measuring system. 

Figure 1 shows the mean received echo jxjwer plotted as a function of 
delay, when a transmitted pulscwidth of 65 /isec was employed. The results 
shovm represcMit an integration over approximately 20 min of time. fSince 
we know the Moon to be very nearly a sphere, we may detino an angle 9, 
measured at its (tenter between the radius to the center of the lunar disc 
(point of first radar contact) and the radius to the point at wliich we are 
considering reflection or scattering to take i)lace (sec Tig. 2). Let a bo the 
lunar radius, and y the depth from the i)oint of first contact with the surface 
to the region in question. Then 9 may be expressed as 

(j) = cos-i(X-2//a). (1) 

Now, since 9 is also the angle at which the iixcidcmt nwliation strikes and then 
leaves the surface, we may exi)ress the measured power distribution in i*auge, 
y, alternatively as a function of angle 9. The measured power level at any 
range will be the result of an integration over a small annular region of the 
surface defimxl by the length of the transmittc^d imlse. This area, for a jnilse 
of duration r, will be 

A-4 = TTarc (2) 

independent of ?/. Thus we jnay transform easily to tlio angular coordinate 
as shown in Fig. 3. For convenience, since many scattering laws are exxn’cssod 
in x^owers of cos 9, ret\irned ])ower density has been })lottwl against cos 9 on 
logarithmic s(*.ales. 

Perhaxis the most obvious qualitative featairo of the returns is tht'i presence 
of two distinctly dilfenuit rcgim<‘.s. First is seen the rax)idly decaying 
sx>ecular-tyx)e c^cho associated with lu^ar-normal reflect-ion from the center 
of the disc. Thc^n at a value foi* 9 of about 35" (corresponding to a d(day of 
several milliseconds) a weaker but more slowly varying diffuse com})oneut 
becomes visible which persists until the region of the limb is reached. 

The shaq) (Kiho at the leading edge was first noticed by Trexler [1] and 
is in marked contrast to the scattering behaviour of the lunar surface at 
visible [2] and infrared [3] wavelengths where no sxxch highlight is noticed. 
A response so x^^t^kod at normal angles of incidence implies, of course, a 
considerable suiface smoothness at radar wave lengths. Careful measurements 
by Hey and Hughes [4] and others show that the mean gi’adient of the smooth 
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portions of the surface is approximately one in twenty. It should be 
remembered, however, that only a comparatively small region of the lunar 
surface (about 5° in radius) is sampled by this technique, and that the results 
may not necessarily apply to the entire surface. 



The diffuse component evident in Kgs. 1 and 3 w»w not discwvcml until 
^e advent of radars mth a very high product of power and upertnro 
it IS so much weaker than the specular echo. In spite of its low powc'r donsity , 
however, integration of this component over the entire lunar disc shows that 
It contributes approximately 20% of the power contained in tlu^ total 
retired signal. The angular behavior of the diffuse comi«)nent seems to 
he between the Lommel-SeeKger and Lambert scattering laws with an 
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angular dependence of scattered power approximately as cos3/2 q). It is 
interesting to note that this is close to the behavior found by Pettit and 
Nicholson [3] for scattering in the infrared. By integrating the observed 



Fjq. 2 Gooinotiy for ooiivorting range measuroinonts to angle of incidence. 



Pig. 3. Plot of l•(K5<uvt‘<^ power vh. angle of incidonco with roHpoct to tho lunai* surface. 

dependence (assuming that it may he extrapolated to 9 == 0 without serious 
error), tho total contribution of tho component may bo found from 

jr/2 

Id = P'oalr cos^l^cpHmq) dep 
0 

= 2aP'o/5T 
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where P'o is the extrapolated value for power from the diffuse component 
at <p = 0. A similar integration may be carried out numerically for the 
specular component and it is found to contribute about four times the amount 
due to the diffuse scattering. The angular dependence of the specular com- 
ponent (when the diffuse contribution has been removed) appeal's to be well 
represented empirically over the entire range of measurod values by the 
expression 


Pjg = Pq exp( — 10*5 sin <p). (4) 

At present the theoretical interpretation of this dependence is not completely 
clear, but it should be noted that the angular radius of the aiiparciit lunar 
disc is proportional to sin <p. No correspondence with the theories jwlvanced 
by Daniels [6], Brown [6], or Senior and Siegel [7] has yet been established. 

In order to relate the measured power ratio back to the actual fraction 
of the lunar surface which may be responsible for each type of scattering, 
the directivity of each scattering law must be determined. The directivity 
factor gr is a measure of the amount of energy scattered l)ack towards the 
radar as compared to the average of that scattered into all directions. The 
generalized bistatic electromagnetic scattering cross-section cannot bt^ deter- 
mined directly by radar measurements of the Moon, since bistatic moasurc^- 
ments are not feasible at present (note that this limitation does not apply 
to optical measurements made using the Sun as illuminator). However, in 
some cases the behavior can be inferred. For example, Lambert’s law is 
defined as 


<7l(93, 9 ?') ^ cos 9 ? cos 9 ?', (6) 

with 9 as the angle of incidence and <p' the angle of emergence measured 
with respect to the normal-to-the-surface. For this law, g = 8/3. Similarly, 
by making measurements over the course of a month, Pettit and Nicholson 
[3] find (using our definitions) that 


CfJR(93, 9?') 


cos 9 ?' 

(1-1-cos9p)( 04C cos^Z-hsiu^?')* 


(^>) 


yielding g ^ 5/2. 

For a smooth, specularly refiecting sphere, the resulting dii'in^tivity is 
unity; in fact, the sphere will scatter equal power in all directions. It sc^'enis 
likely that the directivity for sharply peaked distributions will, tlu‘reforc, 
also be close to unity. Under these assumptions, the rough aretas of the 
lunar surface, which appear to scatter approximately as l\‘ttit and Nichol- 
son’s infrared law, will be approximately 2*5 times as efft^ctive in back- 
scattering as the smooth portions. 

Measurements of the absolute power returned have enabled Trexler [1 ], 
Evans [8], and Fricker [9] to calculate the radar cross-section of the Moon. 
These measurements are all in fair agreement, spanning the frecpiency region 
100 to 400 Meps. Flicker’s results are probably the most accurate, yitdding 
a CW radar cross-section of 0*074 + 0*01 times the geometrical cross-section 
of the Moon. Since we have already determined that most of the specular 
energy is returned from near normal incidence to the surface, we may assume 
a power reflection coefficient to be associated with the materials near 
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he center of the lunar disc 



w^here k is the dielectric constant. The peimeability is assumed to be unity 
md the conductivity zero. The integrated radar cross-scction for each com- 
ponent may thus be set equal to 

^ = SqpnttO? , ( 8 ) 

where / is the coiTcsponding fraction of power. If we assume the above 
values for <7 and insert the total measured cross-sections for the two com- 
ponents, only 0% of the surface need be responsible for the diffuse scattered 
component. Tor the reflectivity, we find pa- = 0*064 and, consequently, 
fc = 2*81, Dielectric constants for dry rocks and silicate material of the 
Earth’s surface arc in the neighborhood of five. The apparent discrc])ancy 
may, perhaps, be caused by a low density of the surface material, at least 
for those flat areas resx)onsible for the nearly specular reflection. Gold [10] 



Fia. 4. Lunar echo power vs. delay for two orthogonal rct^(nvocl polarizatiotiH. 
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and Van Diggelen [11] have suggested, on both theoretical and observational 
grounds, that the crater floors may have a spongy texture of reduced density. 
Thus, a radio wave incident on these regions would encounter a region of 
low density with associated low reflectivity. Reflections from denser layers 
below the surface (if they exist) would suffer absorption in the upper layer 
and likely would not be seen. Assuming this explanation, we find a surface 
porosity of approximately two for the flat areas. Note that if the material 
responsible for the diffuse scattering has a lower porosity (i.e. a more compact 
structure), as seems possible, the estimate of the fraction of the surface 
responsible for this type of scattering must be revised downward (changing 
this fraction will have only a second-order effect on our calculations involving 
the smooth portions of the surface). In fact, if we assume a mean density 
characteristic of terrestrial rocks, a mere 5% of the surface need contribute 
to the diffuse scattering in order to explain the observed results. 



Fia. 6. Polarization vs. delay for lunar echoes. 


If the association of the echo “ tail ” with a diffusely scattering surface 
is correct, one would expect to find the returned signal significantly de- 
polarized at greater delays as compared to the nearly specular component 
observed near the beginning. In order to determine this effect, a right- 
circularly polarized transmission was directed at the Moon and both right- 
and lefb-circularly polarized received radiation were recorded. Circular 
polarization was used, since such a mode is not subject to magncto-ionic 
perturbation in the Earth’s ionosphere. 

In the absence of depolarization, all energy would be returned in the 
circular sense opposite to that which was transmitted. It may be seen from 
Fig. 4, however, that while the initial return is highly polarized as expected, 
there is a substantial amount of energy received in the channel corresponding 
to depolarization. The polarization of the returned wave may be defined 
by 


II— 
Mr 
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where II, Rnd Ir are the scattered intensities for left- and right-circular 
received polarizations, respectively. Figure 6 plots this quantity for the 
data shown in Fig. 4. It is clear that a substantial amount of depolarization 
is associated w^ith the echoes occurring near the lunar limb. 
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OBSERVATIONS OF RADIO EMISSION OF THE MOON AT 
2.3 cm WITH THE PULKOVO LARGE RADIO TELESCOPE 


N. L. KAYDANOVSKY, V. N. IHSANOVA, G. P. APtJSHKINSKY, 

O. N. SHIVRIS 

Pulkovo Observatory^ Leningrad^ U.S.S.P. 

Tub mcaHuremont of the amplitude of variation of the brightness temj^erature 
Ta the centre of the lunar disk enables, as is shown in [1], to evaluate the 
magnitude of the equivalent conductivity <j of the material of the lunar crust. 
The amplitude of variation of brightness temperature Ta can be determined 
with tlie aid of radio telescopes with high resolving power by direct measui'e- 
ments of the brightness temperature Te in the course of a lunation. Such 
measurements require that the area efficiency g of the antenna and conditions 
of calibration of the receiving apparatus over the period of observations to 
be constant, and this is hard to ensure. Ta can also be determined by 
measuring the shift of the centre of gravity of radiation Xu [2]t, resulting 
from the fact that the variable component of brightness temperature, in 
superimposing itself on the constant component, distorts the symmetry of 
the curves of equal light intensity (isophotes) relative to the central meridian, 
and shifts the j)oint of maximum brightness away from the centre of the disk 
in the direction of the subsolar point, as Ta is a function Xu* 

Tlu^ measurement of the displacement Xu requires only that the coefficient 
of amplification of the receiver in the course of one observation remains 
constant. The magnitude of the displacement of the centre of gravity along 
the dianietor i)erpendicular to the line of the horns is given by 


2w 

II 

0 0 


TeT^ HuiXdrdX 


— 


II 

0 0 


( 1 ) 


TfXdrdX 


where r and A an^ i.lu' j^olar coordinates of the points on the disk of the Moon 
and is tlie radius of the disk (Fig. 1). For the pmposcs of our computa- 
tions, we assume’! tliat the brightness temperature, in accordance with [1], 
is given by 




UnO 0OH{na)t —7i(p -- ^n) 
'i '\/ (1 + SSjt cos oc^ 4“ cos^i 


u'). 


( 2 ) 


where R is tho! <to(4Ticient of reflection; Tm the night temperature of the 
stirfactr, Dy the diifenmee between the temperature at the point under the 


t The valuoB for Xu doinputod in [2| aro too liigh as, in the cioniputatioiiH, the clooroase 
in the radiating (^apiwuiy towards tlie limb was not taken into acoount. 
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Sun and the night temperature; (p and ^ the selenographic longitude and 
latitude, respectively; is the function which determines the latitudinal and 
longitudinal course of the variable component of the temperature on the 
surface; 


1 

0^1 = — 
TT 


(Z) 


— W 


cosnZdZ 


i.e. the Fourier coefficients ; co is the angular velocity of rotation of the Moon ; 
and In = tan-i8n/(l + Sn) is the shift of the phase of the variable component 
of the brightness temperature as compared to the temperature on the 
surface; 8 = is the ratio of the depth of penetration of the electromagnetic 

wave l[x to the depth of penetration of the thermal wave 1/jS; and a' is the 
angle of incidence of the beam from the depth of the crust to the surface. 
The maximum shift of the centre of gravity of the radiation occurs at 
moments 


z 



C0«-| = 7r/2 = 377/2; (2a) 


and if we discard the higher harmonics in (2) and sot cos a' as well as cos^a' «=? 1 
the brightness temperature of the disk assumes the form 


Hence, 


_ r ^ 1 (1 — li)aiDr}(iL) 


diD 


^(1 +28+282) 


2ir 

// 

0 0 


{l-~R)rj'(rX) r^sin^A 
cos*-2A) 


drdX 


iCn = ± 


Stt 


-w 


2ff3’„ J (1-R)rdr+^D j | {l~B)'r,'(rX)rdrdX 
0 0 0 
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A knowledge of the form of the functions (1 —-R) and makes it possible 
to calculate the integrals in (4) and determine the numerical relation between 
the value of the maximum displacement of the centre of gravity of radiation 
Xu and the amplitude of the variable component of brightness temperature at 
the centre of the disk 


^evar — 


aiD{l—Ev) 

V(H- 28 -i- 282 )' 


(5) 


In the theory of radio emission of the Moon [1], it was assumed for the 
sake of simplicity that the plane of the orbit of the Moon lies in the ecliptic 
and that the librations are absent. Therefore, the conclusion that the centre 
of gravity of radiation is always to be found on the line joining the horns of the 
lunar crescent cannot be taken to be strictly true. With the rapid tilt of the 
line of the horns as well as the axis of rotation of the Moon from day to day 
it is possible that the centre of gi’avity of the radiation may lag as a result of 
the delay in the change of the temperature of the radiating layer with a change 
in the illumination of the Moon by the Sun. 

Since, however, the angles of the tilt of the axis of the Moon do not 
exceed ± 24°, and the rapid tilt of the line of the horns only occurs close to 





the new and full Moon (when the shift of the centre of gt'avity of the rjidiation 
is generally small), the departure of the centre of gravity of the nwliation 
from the diameter peipendicvular to the lino of tlie horns can bo disregarded 
in the first approximation, at least near tlic quadrature. One can determine 
the coordinate of the centre of gi'avity of radiation Xu with the aid of a radio 
telescope of nan-ow beam cross-section, for which th(s direction of the major 
axis is parallel to the line of the horns. The antenna tem])erature for a narrow 
beam cross-section, during the transit of the Moon (Fig. 2), is 

Tetl/i 1 

Tai = — where T^i — — f 

y Vi I TeiXiVi) dy y 


(6) 
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denotes the average brightness temperature of a strip of the Moon the radia- 
tion of which is received by the antenna; yi is the major size of the strip; 
and y, the effective size of the beam along its major dimension. The curve 
of the transit of the Moon through this fan-beam reproduces the curve of the 
products of the average brightness temi)eratures of the strips by their 
height. 

The y-coordinate of the the centre of gravity of the plane figure which is 
limited by the curve of passage relative to the vertical, })asHing through the 
centre of the curve relative to the zeros is given by 

J Taixdx 

“ S^aidx ■ 

With a sufficiently narrow beam we have, in accordance with ((>), 

iiTe{x7j)xdxdy 

iSTe(x^/)dxdy' ^ ^ 

which coincides with the coordinate Xu (eqs. 1-4) ])rovided that the lino of 
the horns is parallel to the major axis of the diagram and is porj)cndicnlar 
to the line of transit. As the directivity diagram of the radio telescope widens 
in comparison with the angulai* diameter of the Moon, the coordinate of the 
centre of gravity of radiation begins to deviate from the coordinate Xy of the 
plane figure limited by the curve of transit. With a broad diagi'am of 
directivity the transit curve wil I reproduce the form of the beam cross-section, 
and the displacement of the centre of gravity of nidiation will produce only a 
general displacement of the curve. It is i)ossiblo to detect the dis])lac^ement 
of the centre of gravity by such a tnethod only when it is not too small in 
comparison with the beamwidth. 

Between October and December of 1959 observations of the Moon w'ere 
made with the Pulkovo large radio telescope [3, 4] on A ~ 2*3 cm. A j)art of 
the working surface of the radio telescope was used with a variable profile, 
whose beam diagram had an angular size of 2' in the horizontal direction 
and from 20' to 1® in the vertical, depending on the elevation of the Moon. 
The axis of the beam diagram of the radio tclesco])e was oriented along the 
meridian, while the curves of ti’ansit of the Moon through the fixed antenna 
diagram were recorded at culmination, when the axis of the Moon and the line 
of the horns were nearly perpendicular. The moment of the upper culinination 
of the Moon was recorded. As a result of small errors in setting the feed of the 
radio telescope (of the order of ± 10") the moment of the })assagc of the cen- 
tral meridian of the Moon through the axis of the beam diagram and th(^ 
moment of upper culmination did not always coincide. Therefore, the position 
of the central meridian was established when reducing the records of the curves 
of transit. The position of the zero points of the transit curve (corros])onding 
to the limb) cannot be reliably determined from the records. Therefore, a 
line equidistant from the sides of the curve (Pig. 3) was constructed on the 
diagram tape on which the curve of the passage was recorded. It is clear 
that, on the average, such a line should intersect the zero line at the j^oint 
equidistant from the zero points of the curve. The j)erj)endicular to the 
zero line at the point of its intersection with the mean line determines then 
the position of the central meridian of the Moon. From this perpendicular, 
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the coordinate of the centre of gravity of tlu‘ ])liine Hgui*e, liinitinl hy the 
cui’ve, was measured; and the disjjIaeenuMit oi‘ the ei^utre of gravity of the 
radio emission of the Moon relative to tht^ geometrical centre was found in 
this way. 

Figure 4 shows the results of the measurement of the dis])lacement of the 
centre of gravity of lunar radio emission in dependence on tlu^ phase. The 
course of th(^ curve of dis])lncemcnt can be approximated (at new Moon 
o)t = 0) by the equation 


Xu = (fl7sin(a>^-35”). (9) 

The maximum displacement of the centre of gravity of the radio emission 
from the Moon on A = 2-3 cm occurs 35-40'' after the quadratui'c and 
attains 0-17' with a ])reeision of +30«/;,. The considerable scatter of the 
points on tlie curve of Fig. 4 is, a])parently, to be explained by tlie slow 



variations in the (*o(»di(ucmt of the ampliiic^ation of the receiver, llather liigh 
req\iireinents should be s<^t for the stability of the r(*c(‘iv(T us(‘(l for such 
measurenumts, sinc<‘ the linear (change in tlie eoellicitmt <d' amplilieation 
during the timcf oi’the nKun’ding (about 2m) by can cause in tlus r(H?ord- 
ing an a])parent dis|)la.c-em(Mit of th(>i centre of gravity of radiation by \.% 
of the dianudcM’. By ih<^ magnitude of the maximum displacement of tlie 
centre ofgravity <>f imliation, which occurs at the tim(‘ ofelfeetive tpiadrature, 
when 


0)^ — f = 


TT 




3 

— TT 


one can, by using the expression (4), determine the ain])litude of brightness 
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Texdtr — 


aiD[\—lly) 
V(1 + 2S+282) 


if the radiation capacity (1 — i2) and the function 77(^/) aiH'. known. 



For determining the numerical relation Ix^twet^n ixui and VVvar 
assumed that 7;(^) = cos*^^ and € — 2. As a result of mmunneal integra- 
tion it was found that 


Ttvta = %. (10) 

Hence, and also from (9) it follows that the ainplitudt^ of tlu* variabk* eom- 
ponent of brightness temperatxirc at the centre of th(‘ disk of the Moon is 

^flvar = 

The authors wish to express their thanks to Prof. S. K, Khuikin for his 
valuable consultation, and to engineer A. A. Novush for taking part, in the 
observations. 
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SOME PHYSICAL CONSTANTS OF THE LUNAR 
SURFACE AS INDICATED BY ITS RADAR SCATTERING 
AND THERMAL EMISSION PROPERTIES 

T. B. A. SKNIOK, K. M. SIECJELf, A. OIRAITD 

The lUilverMly (>J MicM>(j(hn. Radiation Jjdbomtonj, Ann A rbor, 
Michigan, U.R.A. 

1. Introduotion 

The pui*])ose of thiw ])ap(T is to siiinmarizc some t)f the results of lunar studies 
earned out in the RacUatiou Laboratory of The University of Michigan 
during the ])ast 3 years. A])art from an associated 7 )rogram which is the 
subject of a later ])a])er [ 1 ] by Fensler ct uL, these studies have been, confined 
mainly to an analysis of radar scattering and thermal emission data, but in 
the course of this work, values have been obtained for some of the physical 
constants of the lunar surface. 

The first })art of the pa])er is concerned witli the scattering of nwlar 
signals by the Moon, and with a theory which has been proposed to account 
for the observed features of the returns. As a consequence of the theory it 
is possible to determine the ek^'.tromagnetio ])arametcrs of certain i)ortion» 
of the lunar surface and, in particular, it is fimnd tliatthet relative permittivity 
(or dielectric constant) is about 1*1. Following this the thermal radio emis- 
sion from the Moon is considered, and by use of the eloctromag!iotic para- 
meters obtained above, the th(‘rmal ])aranieters of the lunar surface are 
dedxiced from an analysis of the thermal emission observed exi)crimentally. 
The values for theses n(‘w paramet(‘rs turn out to be compatible with the 
character of the lunar surface^ sugge^sted by tin's radar data. 

2. Radar Soattkrino 

In order to use the radar data to study tJie electromagnetic i>aramoter» 
of the lunar surface, it is necessary first to (ionsider the mannesr in which the 
radar waves arcs scatten'd. Jhiring the 15 years which hav(’) (daiised since 
radar contact witli tlu^ Moon was first reported, a large number of such 
ex])eriments have be(*n carried otit; and tliotigh the initial oik's suggested 
that the Moon was Ixdiaving as a roiigh scattercT at these frcxpiencies (just 
as it does at optical wavelengt.hs) later ex])eriments in<licated that this v/m 
not so. And, indeed, as the sensitivity of the ecpiipinent improved, the 
differences bcstwec'ii tlu^ observecl rc^turns aiid the returns predicted on the 
basis of a uniformly ro\igh scatten^r became mon^ and more ap])arent. In 
other words, it b('(^ame lU'scessary to assiune a more's directive scattering 
process at the lunar wirface with an increased concc'iitration of thes returned 
power in the direetion of s])(X'.iilar reflection. 

It was at this stage that the ])reHent authors Ix'came inten^sted in the 
problem from a theoretical aspc'ct, and from an examination of thc! polariza- 
tion and sliai:)es of returned ]nilses they feslt tliat a scattering process closely 
f Now at. tho dond notion Torporation, Ann Arbor, Michigan. 
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akin to that for a smooth body would explain the dominant features of the 
returns. Such a theory was proposed by Senior and Siegel in a ])aper [2] 
presented at the lAU Symposium on Radio Astronomy in Paris (U)58) and 
farther developed in a subsequent paj^er [3]. 

In this theory the starting point is a model for the Moon which is essen- 
tially smooth as regards the bulk of its radar scattering ])ro])erties, but which 
possesses many individual scattering areas each of which is capable of return- 
ing a specular type of signal to the Eaith. Because of the existence of more 
than one scattering area, the term “ quasi-smooth was used to describe 
the lunar surface. 

The various scattering areas on the Moon appear to be concentrated 
around the point which is nearest to the Eixrth and theii* number decreases 
with increasing distance from the central ])oint. This can be attributed to 
the distribution of surface slopes on the Moon, and to the fact that relatively 
little of the surface is inclined at more than a few degi*ees to the “ mean ” 
lunar sphere. As a result, the portions of the surface which arc suitably 
orientated to reflect energy back to the Eaitli are located n(‘ar to the front 
of the Moon, and this in turn is responsible for the oit- (quoted fact that the 
major portion of the returned power comes from a region which is no more 
than a third of the Moon’s radius in extent. It is hardly nec*.essary to add 
that if the Moon were observed from a point in s])ace other than t-hc’! Earth, 
one would expect to And a similar set of seatteiing aresas distilbuted around 
the point on the Moon nearest to the transmitter and the roccMver. In other 
words, it does not follow that the visible side of the Moon must be unique in 
its radar scattering properties. 

If the Moon is illuminated by a pulse of long duration, or by a c\v signal, 
the return will build up as the incident pulse moves over the Moon and a 
peak will be reached when all the scattering areas ai’(» illuminated. I'his p(»ak 
will correspond to the addition, with ap])ro-|)riate ])has(^s, of th(^ signals from 
the various areas. On the other hand, puls(^s of sulhciently short duration 
are a tool by means of which we can separate out the rc'tui’ns from individual 
areas and thus, with a shoit pulse of perha])s 2 to 5 ji^sec in length, at least 
the first few peaks in the return can each be attributed to the rc^turn from a 
single scattering area. Even with short pulses, liowcwcu*, the lat(M’ peaks 
may still be due to interference as the result of two or more scatt(u*ing ar(‘as 
lying within the same annular region on the Moon. 

It will be appreciated that this break-up of the initial ])eak as tlu^ ■i)uls(‘ 
length is decreased is tlio ciux of the difference betwc'en the! ])res(mt t lu'ory 
and the one proposed by Pettengill and Henry [4], and sine.e this dillerc'nce 
in the interpretation of the data has a marked effect u|)on the valutas of the 
electromagnetic constants obtained using the two tlieories, it may Ix^ (i(‘sir- 
able to say a few words about it at this stage. 

According to Dr. Pettengill, the large initial ])eak found \vh(ui using a 
pulse length of 70/xseo can be directly related to the reflection coeflicicuit of 
the surface; and from a measurement of this peak a dielectric constant of 
(about) 2*8 is then deduced. On the other hand, if the ])ulse lengt.h is rcxhicied, 
the magnitude of the initial peak is also reduced; and for a pulse Itmgth of 
only a few microseconds the decrease which is observed is of order 20 <11 >. 
With pulses of this length, the return is found to consist of a largo inim})er 
of ‘‘ spikes ”, and at least the first few of these would seem to liaves a degrc»o 
of consistency suggesting that they are the returns from individual scatter- 
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ing areas. On this basis, the peak obtained with longcM* ]mlses is in fact the 
result of adding together the returns from many ai eas ; and since the addition 
must be carried out with due regard t(j phase, the nuignitiide of the initial 
peak is not a dhcct measure of the reflecti<.)n coefheient of any one area. With 
this inter|)retation the ex])onential law w^hicli is found to describe the shape 
of the initial peak is related to the distribution of the scattering areas, and 
to calculate the electromagnetic constant it is necessary to examine the 
return from one of these alone. As we have seen, the most straightforward 
method of doing this is to use pulses of only a few microseconds duration. 

Lotus, therefore, consider the return obtained when using pulses of order 
5 jicseo. The first ])eak then corresponds to the ])ower rctui-ned by the scatter- 
ing area which is nearest to the Eaith, and from a measurement of this peak 
we can determine both the form of the associated area and also its reflection 
coefficient. 

For this ])ur])ose we recpiire ex])erimentally-determined values of the 
initial })eak in a shoit indse return at a variety of diflerent wavelengths. But, 
unfoitunately, relatively few experiments have been carried out using 
pulses of a few microseconds; and most of the data on the ])Ower return 
have been obtained with long pulses or even with cw. All of the available 
data have Ix^en summari/AHl in Table 1 , where the power is given as a multiple 

Table 1 


Pow(‘r Return from the Moon — Ex])erimental Data 


W(wele)i(jth 


Probable. Error 
{where kaonui) 

Homre 

O-lOm 

4 X 10 



H(\v and Huglu's 

0-14 in 

3 X 10 •> 

+ 4 or l}<lh 

Yaplee 

0-33 in 

<) X 10 *2 


Aarons 

0-fll in 

5 X 10 ‘-2 

± Mb 

Blevis and (lhapman 

0*73 m 

7 X 10 

+ M>h 

Kricker 

0-75 in 

1 X 10 1 

±Mh 

Leadabrand 

1-OOm 

7 X 10 

+ Ml) 

Trexl(T 

1 4J) in 

7 X 10 a 

±M.b 

Aarons 

1 -50 in 

S X 10 

+ tidb 

Trexler 

1 -Ofl in 

5 X 10 


Webb 

2*5 m 

1 X 10 ' 

4 Mb 

Bvans 

3-0 m 

1 X 10 ' 

±Mb 

Leadabrand 


with a = l-T*!- x 10<’ m ; will tluTofore be recognized as the rmlar 
cross-section of a smooth pt‘rf<K*.tly eoiulucting splu^re wliose radius is CiCjual 
to that of tlu‘ Moon. Tlu’i source^ of th<^ data is indicat(‘d, and in inten)reting 
these n^sults an (^ss(‘ntial factor is ilie pulse Umgtli em])l()ye(l. ''Phus, the first 
ineasunMncint of a was made! using 5 jitsi'c ])ulses, whilst the se<H)n<l was with 
pulses of 2 /xs(‘<\ All the otlun* measurements wc^re, liowevcn*, made using 
very long ])ulses, and this is the explanation lor the marked dillerence in 
magnitude between the first two restdts and tlu^ nmiainder. 

In order to make lua- of th(^ last ten valuers of a in oui* analysis, it is neces- 
sary to deduces from tht^s(‘ tlu^ initial ])<‘ak valuers which wouhl have been 
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observed had the experiments been caixied out with short pulses, and since 
the initial peak in such a return is also {in general) the maximum return 
which occurs, it is possible to do this using the measured modulation Josses 
found by Trexler. The modulation loss is, in essence, a measure of the 
decrease in the peak return consequent upon using pulses of a given length 
rather than cw, and if such “ corrections ” are applied to the data, we anive 
at the following results : 


A = 0-10 m, 

a 

= 

4 

X 

lO-^Trtia 

A = 0-14 m, 

a 

= 

3 

X 

10-47702 

A = 0-33 m, 

a 

= 

5-4 

X 

]0-4nti2 

A = 0-61 m. 

a 

= 

3-2 

X 

]0-477rt2 

A = 0-73 m, 

a 

= 

4-3 

X 

10-47702 

A = 0'75 m, 

a 


6-3 

X 

10-47702 

A = 1*00 m, 

a 

= 

4-7 

X 

10-47702 

A = 149 m, 

a 

= 

4-2 

X 

10-47702 

A = 1*50 m, 

a 

= 

5-3 

X 

10-47702 

A = 1*99 m, 

a 

= 

3-0 

X 

10-4777i2 

A = 2*5 m. 

a 

= 

6-3 

X 

10-47702 

A = 3-0 m, 

a 

= 

6-3 

X 

IO- 477 O 2 


Each of these is now interpreted as the scattering cross section of the Hrst 
scattering area at the corresponding wavelength; and it can bo seen that 
there is relatively little change in cr over this frequency range — just a slight 
tendency for the cross section to increase with decreasing frequency. 

This lack of wavelength-dependence indicates the ty|)o of suidaco area 
which is responsible for the initial peak return. Thus, it cannot bo a flat 
area, or a corner reflector, since the cross section of tlxis is im)])()i‘tional to 
similarly it cannot be a ]n*ojection (such as a cone) since the <^roHy 
section here is proportional to A^. And proceeding in this way w(^ arc^ finally 
led to the conclusion that the scattering area is inei'oly ])art of a eurve^d 
surface. The cross section of this is wavelength-indc])eiKlent, and given by 
TT times the product of tho principal radii of curvatureat the point in (]U(‘stion, 
with an additional factor which is the ])()wer reflection coellicient for the 
material which constitutes the scattering ai’ea. 

Let us now assume that the nwlii of curvature arc the same as tlu' radius 
of the mean lunar sphere. The numbers in the above diH])lay then r(q)res(‘nt 
values for the i)ower reflection coefficient, and the ex])r(^ssion for this in 
terms of the electromagnetic parameters is known. The very slight wave- 
length dependence now arises from the conduction current t(M-iu; and by 
fitting the formula for the reflection coefficient to the ('xperinuuital data 
using the method of least squares we can determine the eh'etromagiKdic^ 
constants. The fitted curve, along with the ex])erimental results, ar(^ shown 
in Fig. 1, and the corresponding electromagnetic coiistauts ar(‘ 

e/fx = 7-6x 10”®mhos‘^, 
s//i = 2-7 X lO^mhos/hcnry, 

where € is the permittivity, g the permeability and s the conductivity of tlie 
material. 

It is now apparent that from a power measurement alon<^ we cannot 
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determine €, /x iind s individually; but if tlic‘ pennoability is equal to that of 
free space, then 

€ = 9*0 X l9“^-lanicls/in 

corresponding to a relative permittivity of a])proxijnately 1-08, and 

= 3-4 X 10“4mlios/m. 

Both of these values arc smaller than might have been cx])ectcd, and few 
if any naturally occurring suhstauccH on Eaiiih, apart from liquids or gases, 
have a relative ])ei*mittivity as low as !•]. Although this is no reason for 
ruling out the possibility of an ap})ix)i)riate lunar substance, it may be of 
interest to note tliat if /x is not ecpial to /xo, but is greater by some factor x, 
then € and .s* arc both inereasc^d by this same factor. 



Kkj. 1, (N>jni)uHs<>n iM'iwiM'ii thoory and i'X|M'nnu*nl.. 


It should also Ix^ point(»<l out that a substance whose conductivity is 
zero would lit tlu* (‘xp(M’i!n(‘ntal nwUts within th(*. quoted exi)erimeutal 
errors. TIk^ ndh'ction <x)(‘ilicient wouhl then be wavelength-inde})en<lent 
and iv])res(Mit(‘d hy a horizontal liiu^ in ¥ig. 1. The corres] ending value 
of €/ft is 

c//x -- 7*7 X l()”®nih()s/m; 

and with a ix^rnuNihility ecpial to that of fre(j space the relative permittivity 
is 1*09. 

Ev(^n if w(‘ ignores the conductivity, or assunui th(i permeability to be 
greater than that ol’ fnx' s])ac<s tlu*. re-ih^ction coellicicnt remains very small 
andcciualto (about) 5 x 19 ‘b It is, tluM'eforc, tempting to l(X)k around 
to see if tluMx^ is any modilication to the theoiy wliich would significantly 
increase this value. obvious way is to assume tluit the reflection occurs 
at a plac('. wlu‘re tlu' radii of curvature arc! not eipial to the radius of the Moon, 
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but are appreciably less. If, for example, the radii were smaller by a factor 
of 10, the power reflection coefScient deduced from the experimental data 
would be increased by a factor of 10^, and the resulting relative permittivity 
would go up to about 1 -5 — ^which is not inconsistent with certain dry sands 
on Earth. 

Unfortunately, this modification has at least one unpleasant consequence. 
In a short pulse return from the Moon the second major peak is similar to 
the first in all important respects, and is certainly not greater in size in 
the majority of instances; and to a somewhat lesser extent this is also time 
of the third and fourth peaks. It then becomes necessary to assume that 
each of the corresponding scattering areas has radii of curvatxiro which are 
appreciably less than that of the Moon itself, and this must bo tnio for all 
aspects of the Moon regardless of which scattering areas happen to be nearest 
to the Barth. To the authors, at least, such regions of reduced radius of 
curvature seem intuitively unliltely; and although we have examined several 
other possibilities for increasing the reflection coefficient, none of them has 
appeared acceptable. 

Moreover, it is clear that the analysis by means of which the I’l-iflection 
coefficient has been obtained could be applied to scattering areas other than 
the one nearest to the Earth by considering the later j)caks in a shoi*t ))ulse 
return; and we are, therefore, led to similar result for these scattering arenas 
also. Bearing in mind that, because of the libration of the Moon, a given set 
of areas will not always preserve the same position relative to the Eai*th, wc 
now have a collection of isolated areas all close to the center of the Moon’s 
disk and all having a reflection coefficient of about 5 x lO**^. 

It would, therefore, appear that significant portions of the lunar surface 
must have a relative permittivity as lows as 1 *1 ; and it is nattmil to ask how 
a permittivity as low as this can be associated with a non-li({uid, n()n-gas(‘()us 
substance, and how such a value affects the intci 7 )retatic)U of thc^ observed 
data on the thermal emission from the Moon. As the second (lucfstion is 
answered more easily, we shall now go on to consider th(‘ thermal radio 
emission in the millimeter and centimeter wavelength rangt*s. 


3. Thermal Emission 

It is well known that from a measurement of the variable coin])<)iuMit 
of the Moon’s effective temperature a relationship can be found which 
involves both the electromagnetic and thermal constants of tlu^ sui’face 
material ; and a knowledge of one set then serves to deterinine thc! other. 
In the past it has been customary to postulate values for the elc^di’oinagntdicj 
constants and to deduce the thermal constants from thos(', and the th<*rinal 
constants have varied depending upon the particular choice of the (^Ie<tti’o- 
magnetic constants. On the other hand, a more straightforward (l(‘rivation 
is now possible, since values for the electromagnetic constants aix^ available 
as a consequence of our theory; and if the interpretation of the radar Results 
is correct, the values for the thermal constants will be tliat much more* 
accurate than hitherto obtained. 

To analyse the measurements of the thermal emission, it is noc(\ssary to 
know the absolution coefficient of the lunar surfacci for electromagnetic 
waves ; and this takes us back to a discussion of the radar reflection ooeflicic^nt. 
It will be recalled that the values for the power reflection coefficumt deducc^d 
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from the radar observations showed a. slight ineri'asc! vitli increasing wave- 
length, Imt at the smaller wavelengths the ciirvi* is almost horizontal (see 
Fig. 1). The thermal measnremeiits extend, howiwi^r, over the wavelength 
range from 20 cm to 4 mm, whereas the smallest wavelength at which radar 
observations have been carried out is 10 cm. It seems, therefore, reasonable 
to assume that over the thennal emission band the reflection coefficient is 
independent of wavelength. 

The formula foi* the ])ower reflection coefficient is 




H-VCe'+ie") ’ 


( 1 ) 


where c' and e" art* the rc‘al and imaginary ])aits of the relative permittivity 
and the ])ermeability has b(*en given the value for free space. Now is 
proi^rtional to the product of the conductivity s and the wavelength A; 
and if \R['^ is to be inde^MMultmt of wavelength it is necessary that either e" 
is zero (implying zero condutitivity) or the (onductivity is inversely pro- 
poHional to tlu‘ wav(*lengt.h. In any case, however, c" is small com])ared 
with so that the electromagnetic ahsoi*])ti(>n coefHeient is 


a 



( 2 ) 


and since a must be*! noii-z(»ro in ord(*r to ex])lain the (*x])(‘rimental results 
on thermal (‘mission, it jmist be assum(*d that the conductivity is propor- 
tional to 1/A. A more convenient form of ecpiation (2) is then 

€' = (2^rf€'7-2 (3) 


where d is a dinu'usiouless eonstant givcm ))y 

1 





d can bt‘ iiiU‘rpr(‘t(‘(l ns tile’s skin d(*])th m(‘asur(*(l in wav(‘l(mgths. 

OiHu* it is assum(‘d that €" is ind<^])end(‘nt of wavekMigth, a knowUulge 
of |/^|- no long(*r (l(‘ti(‘rmiiU‘S e' and c" s(‘parat(‘ly, but mercily leads to a set 
of asso(Mati‘d values. From tlie radar data, tli(^ mean r(‘H(^<ition eoellieat^it 
is found to b(‘ ap])r<)ximat(‘ly 5 x 10 and if e([uation (1) is then solved 
for €' and c'', th(‘ iTsults shown in Table 2 are obtained. The solutions 


Taui.k 2 


Kl(*ci.romagn<‘ti(^ Ik 

*ii(‘tration ns a. 

Function of c' 

/ 

I00€" 

d 

1 ■(«>!» (7) 

0-71 

2:5 -n 

1 -(KHi 

2 fd) 

(i-no 

1 •(»'.»() 

4-70 

;{•{)<) 

I -OSO 

5-85 

2-s:{ 

1 •()(>() 

7 -78 

2-l() 

I -(40 

8 -87 

1-82 

l-()20 

943 

I-7I 
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given here are only a selection of those which arc possible, and have been 
limited to ones for which €' is positive (with zero excluded) and e' > 1. 

From the measured values of the thermal emission it is found that the 
effective temperature of the lunar surface contains two components: a 
constant one, and one which is a function of the lunar day. Based on a 
homogeneous model for the Moon, the former can be expressed mathematic- 
ally as an integral involving the reflection coefficient of the surface ; and 
since the reflection coefficient is known, the integral can be evaluated. If 
the variable component is Fourier-analysed and only the first harmonic 
retained, an integral form for this expression can also be obtained but then 
the integrand is a function of the ratio y of the thermal to the electromagnetic 
absorption in addition to being a function of the reflection coefficient. 
Nevertheless, the integral can be evaluated numerically to give an expression 
for a quantity Ay as a function of the absorption ratio y, where Ay is a 
normalized form of the amplitude of the variable temperature component ; 
and by inverting the expression it is then possible to infer the vahio of y 
from a measured value of Ay, It should be pointed out, however, that the 
range over which the integrals have to be evaluated depends upon the beam- 
width of the antenna used in the measurement of the temperature; and, 
accordingly, the theoretical values of both the constant and variable tempeu’- 
ature components may change from experiment to experiment. 

Turning now to the measured data on the lunar temperature com];)onents, 
we have summarized in Table 3 the results of experiments in whiclx the 


Table 3 

Effective Temperature of the Lunar Suiface 


Wavelength (cm) Tc^K) 

TyCK) 

JSmrce 

■EH 

220 

60 

Coates 


197 

>39-5 

Salomonovich 


226 

46 

Gil)s(>n 

1-26 

216 

36-4 

Piddington and Minnett 

1-36 

224 

36 

Troitsky et al. 

2-2 

220 

20 

Grebenkomxxer 

3-2 

183 

<13 

Troitsky and Zelinskaya 

20-6 

260 

< 5 

Mezger and Strassl 


variable component was measured or bounds upon it obtained. To and Ty 
are here the constant and variable components res})ectively of the Moon’s 
effective temperature measxired in degrees Kelvin. On the basis of tlu^ 
assumed model for the lunar surface the constant component should be 
independent of wavelength; but though quite a variation is evidemt, tliis 
can be attributed either to calibration errors or to the fact that tliis c()nii)()ii<‘nt 
was inferred from measurements carried out only over r<‘stricted poi-tions 
of the limar day. On the other hand, the variation must be rc^moved before 
comparison with the theory; and since the average value of Tc iw approxi- 
mately 215 ®K, the values for Ty have been normalized to thisf i^i^ Table 4. 
The appropriate values of Ay are also shown, as are the coiTcsponding y’s. 

t It is probable that the true value of Tc is somewhat largoi- than 1215'^ K. 
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Tahi.e 4 


N()rnialize<l Data 


ry(“K) 

.4y 

y 

58-8 

042 

0-0 

>43-2 

>0-31 

<in 

431 

o-:h 

1-5 

3(54 

0-20 

2-0 

34-7 

0-25 

21 

10 -(5 

0-14 

4-0 

<15-3 

<0-11 

>,5-2 

< 4-3 

<o-o:i 

>20 


Tliese values of y arc ])Iott(‘(l as a fuiictic!) of A in Fig. 2, and if the ])oint8 
are fitted to the theoretical exju'ession 

y = jSrfA (5) 



Kkj. 2. ( ■oiiipari.soii l.h<u)ry ainl ('SiH'rinx'nt. 

using th(^ inetJiod of least s<|ua.rt‘s, it is found that 

1-7. (()) 

The resulting curve is shown, an<I iss(‘en to he in n‘usonahl(‘ agr(‘(*nu‘ni with 
the data. 

Having ohtaiiu'd th(^ analysis is almost e.om]>lete. It will In* n^ealled 
that d is known for ea<0i vahu^ of tlu^ relativi* ‘jK'rmittivity <•' consist<‘nt 
with the radar observations. Thus, is similarly known, and sine:e fi is 
given in terms of tln^ thermal eonduetivity h and th(‘ volunu'trie sp<^<:iric 
heat c l)y the definition 
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where a is the angular frequency of the apparent revolution of the Sun 
about the Moon, a knowledge of provides us with a relationship between 
k and c in the form 

(7 

In addition, however, k and c can also be obtained in the combination 
{kc)'~^f^ from an analysis of optical eclipse observations. Observations of 
this type have been made by many experimenters and, in general, the values 
foimd for have been of order 1000. In order to have a definite value 

to feed into the calculations, we have selected the one obtained by Wcsselink 
[6] on the basis of a homogeneous model of the Moon, and this gives 

= 920. (S) 

From equations (7) and (8) we can now calculate th(^ values of k and c 
corresponding to the various permittivities, and these are shown in Table 5. 


Table 5 

Physical Constants of the Lunar Surface 


e' 

13 

^(cal sec“icm“Meg“^) 

c{cal deg”h!in~3) 

1-099 

0-072 

1-7 X 10-5 

7-1 X l()-2 

1-096 

0-2()2 

4-6 X 10-6 

2-6 X 10-' 

1-090 

0-436 

2-7 X 10-6 

4-3 X 10-1 

1-080 

0-601 

2-0 X 10-6 

r>-9 X 10- 1 

1-060 

0-810 

1-5 X 10-6 

S-0 X 10 i 

1-040 

0-929 

1-3 X 10-6 

9-2 X 10 1 

1-020 

0-994 

1-2 X 10-6 

0-8 X 10 ' 


1/2 1*1 X 10-3 


jl/2 


i3 


( 7 ) 


The first column gives a selection of thejmssible €'’s, and though all of th<»m 
are compatible with the radar observations, it is likely that th(> higher vahu^s 
are more probable. The second column is related to tlu^ d(^])th orpeiu^tration 
of the heat wave: 27r/jS is the so-called heat wavelength, and a.(?eor(lingly 
would appear to bo anything from 5 cm up to bOin. Tlu^ ui>p(‘r limit 
corresponds to the largest xiossible e', and is certainly higher than ihv valiums 
estimated by Wesselink [5] for the homogeneous niodcd and by ,Iaeg(M* |(>J 
for the two-layer model. 

The last two columns in Tabic 5 show the thennal eonduetivity and t he 
volumetric specific heat and as a result of the small values ofe' now (nn])l()y(*(l 
the values of k are larger by about an order of magnitude^ than •|)rc‘vi<)us 
estimates, whilst the values of c are smaller by about tlu^ satne amount. 
Nevertheless, the values of k still seem to be consistent with a loose material, 
such as dust, in vacuo, and the low value of the voliunetrie s])e(nfi<i Ju»at 
almost certainly implies an equally low value for the density, which also 
supports the hypothesis of a loosely 2 )ackcd material. 

4. Conclusions 

It is now apparent that the lunar scattering theory used in the intc‘i*- 
pretation of the radar data is reasonably consistent in its ])r(^diotions about 
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the physical constants of the hinai* surface. Nevertheless, inneh still remains 
to be done. In the first ])lace, tliere is the net^d for additional experimental 
evidence either for or against tlie theory, and in this connection more radar 
experimental rcsidts obtained with very short ])ulses wonlcl he })articularly 
valuable. In addition, there is the])rohIem posed by the very low ])ormittivity 
deduced from this theory and on which the calculation of the thermal 
constants is based. It is natural to ask the question whether it is possible 
that certain Earth substances could have a permittivity as small as this 
when ])laced in the environment of the Moon. The substiince would probably 
occur as a very fine ])owder and, on the Moon, it is to be expected that the 
packing factor woidd be low. In recent months we have been giving some 
attention to the way in which the ])ermittivities of selected substances do 
vary as the particle size and packing factor are decretised. This represents 
part of the laboratory ])rograni ])reviously referred to, and will be discussed 
in the ])a])or by Fensler et aL 1 1 ]. 
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THE ELECTROMAGNETIC PARAMETERS OF SELECTED 
TERRESTRIAL AND EXTRATERRESTRIAL ROCKS AND 

GLASSES 


\V. E. EENSLELlf , E. F. KNOTT, A. OLTE, K. M. SIEOELf 

Radiation Lcihomtory, The University of Michigan, U,8.A . 
iNTllODtrCTlON 

Determination of the ])hysical x)ropertics of the surface layers of celestial 
bodies is one of the areas of research in radar astronomy. Radar pulses 
reflected from such a body contain information about the reflecting surface. 
Information concerning the composition and density of the outer layer of 
the lunar surface derived from radar echoes is of j^ractioal imx)ortance in 
view of x)ro])osed lunar landing. 

Senior and Siegel |IJ have deduced the ratios of the electromagnetic 
constants of these areas of the Moon re8x><>nsible for initial scattering of radar 
echoes back to Earth. These ratios arc; 


H-Iho 

or 

= 34x 1()“5 mhos, 

i^im 

where €, /x and o are ])erinittivity, permeability and conductivity, respoc- 
tively, and the subscript 0 ” denotes free space. 

Both of thc^se ratios are quite small. In the case of the first-mentioned 
ratio, the relative |)(n*mittivity is 1*09 times the relative ])ermoability and, 
when/x = /lo, ecpials I *01) exactly. No solid terrestrial material having such 
electro-magnetic constants is known to the authors. Only foam-like materials, 
or gases, are lik(‘ly to ai)])roach relative permittivities of order I *09. 

Opti(5al and infrared ineasurcinents indicate that the lower bound in the 
prevalent k(\v particle sizcis on the surface of the Moon is 10 /x. Measurements 
of microwave^ radiation from the stirface of the M.oon x)redict an ux)X>^'>’ bound 
between JlOO to 1000 /x. Thus the ex])ected sizes of the most x)re<l< mi inant 
]>ai*ticles probably lie betwcum 30 and 100 /x. 

Taking a dillerent a])pr<)ach, theories dealing with likely lunar surface 
materials hav<‘. Ix'cn ])res<mted by O’Keefe |2 j, Urey [3], and many others. 
These theories sugg<^st solid materials found or simulated on the Jilaith. 

In view of this w(‘ started a ])rogram, starting with measurements of the 
electromagnetic constants of solid materials of reasonable volumes, and then 
proceeded to break uj) some of these solids into smaller and snuillciT x)ioces 
and measurc^d thc^ average x)ermittivities of each mixture. The id(>!a was to 
see how closely the ('-lectromaguetic^ constants of theses materials and their 
form would apiiroach those pnxlieted from the electromagnetic measure- 
ments of the Moon. 

t Now at (/ondnc.tron C-orporation, Ann Arbor, Mushignn, 
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The scientific exploration prior to human lunar landing wliould not only 
reveal the depth of the outer layer of the lunar surface, but the electro- 
magnetic constants of the base layer as well [4]. Then the correlation between 
the electromagnetic and the geological parameters would yield the liai'dness 
and the load bearing capability of the lunar surface. Therefoi'e, ineaHur(3- 
ments of the electromagnetic constants of representative rocks are pre^sented 
and analyzed. Some preliminary results on the geological ])aranieters are 
included as well. 


SoiJD Chondbitio Meteorites 

Two samples of chondritic meteorites were purchased from th(^ American 
Meteorite Museum, Sedona, Arizona. One sample came from a fall which 
occurred at 7-00 p.m. on 25 November 1943, at Leedy, Oklahoma, the total 
known weight of which was 50 kg. The second sample came from IMainview, 
Texas: although this meteorite was found in 1917, the date of the fall is 
unknown. The total known weight of this fall was about 080 kg. In tlu*! 
discussion to follow, the two meteorite samples will be identified by th<dr 
places of fall. 

In these chondritic meteorites small specks of iron-nickel alloy are 
distributed in a rock-like base. Thus, strictly speaking, the chondritic. meteor- 
ites are electromagnetically not homogeneous; and since the inotallie. parti(*.k‘S 
are not spherical, a slight degree of anisotropy may also be })reHent. 

Toroidal configuration was used to measure the static jjenneability of 
the meteorites. Rectangular slabs were cut from the meteorite Ha.m]>l(‘s and 
the D.o. conductivity measiared in a parallel plate device. Tlu^ permittivity 
compared to conductivity was insignificant at n.o. Measurenu^nts to (let<‘r- 
mine the permittivity and the permeability in the frequency range from 42(1 
to 1860 Me were carried out in a coaxial line. 

n.C. MEASUREMENTS OF PBRMEABELITY 

The ballistic method was used to measure the static permeability of tlu*. 
meteorites. The experimental procedure outlined by Stout 15] was followed 
and is a common one. 

The toroidal test samples were of rectangular cross seeiion; om^ toroid 
of each meteorite sample was available. Matching toroids of ])olystyr(m<‘ 
also were fabricated for use as references. 

The measurements were carried out for magnetizing cnirr(‘nts u]) to 3 am]) 
for the meteorites and 0-75 amp for polystyrene. Unless s])(‘cial (tooling 
arrangements are made, the ohmic heating of the primary l)(‘(H>m(‘s too gn^at 
for polystyrene, resulting in softening of the core, which is, of (^oui*s(‘, ac(?om. 
panied by undesirable changes in physical dimensions. Thus, inagm'tizing 
currents for the polystyrene cores were held to 0-75 amp or loss. 

The relative permeability of the meteorite cores has been (^aknilatod from 
the measurements and values are shown in Table 1. 

Table 1. n.o. Permeability of Chondrites 


Meteorite 

lir 

Leedy, Oklahoma 

1-20 ±0-06 

Plainview, Texas 

2-04±0-l 
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The results indicate that chondritic meteorites are fec^l)ly magnetic. A 
simple test wth a small iiermanent magnet convinces one that the metal 
particles imbedded in the chondrite are rathei* strongly magnetic. .However, 
the metal particles are suspended in a nou-magneticmediiun ; and thus one is 
not sinprised to find that, in the average sense, the stone meteorites are only 
feebly magnetic. 

MBASUREIVIEMTS OF COMDUOTl VITY 

Originally, low fi'ecjuency measurements were contemplat(Kl to determine 
the com])lex permittivity of the chondrites. Rectangular sample slabs with 
the dimensions given in Table 2 were fabricated, two from the Plainviow, 
Texas chondrite and on(^ from the Leedy, Oklahoma. The slabs were to be 
inserttnl between parallel plates and the measurements of the parallel resist- 
ance and ca])acitance would then have enabled us to find a permittivity 
doscri])tive of the material. However, the measurements showed that the 
parallel resistance was less than the capacitive re 4 ictance, approximately by 
a factor of 10®, for both chondrites. This meant that the conductivity alone 
adequately des(*.ribed them at very low fi*ei(|uencies. 


Tahle 2. Dimensions of the Chondrite Slabs 


t^aniple 

i^am'ple dinmuAm^ 

(a) (h) (fj) 


cm 

cm cm 

Plainvk^w', Texas 1 

(h7I2 

3-40 7-21. 

IMainview, Texas 11 

0-253 

3-40 7-21 

Leedy, Oklahoma, 

()*712 

3-4() 7-21 


The viM’tical delleef ion on an oscilloscopt'. was calibrated for current and 
the horizontal defl(*.etion for voltage. The faecis of the slab carrying the 
currents were ])aint.(Hl with a thin layer of silver j)aint. 

The voltage was ai)])lied between the silverized faces only for a few 
seconds - long (enough to take a reading. This was necessary in order not to 
change tb(‘ hMnfXTature of the* chondrite, Th<^ measurements were carried 
out in th(^ long direction (c) and the medium direetiou {!>) for all three slabs. 
The measun^d n^sults, (^urn»nt density as a function of a])p!ied field intensity, 
are shown in Kig. I . 

For f.he Plainvk'.w, Texas ehondrites the curr(>nt density is a non-linear 
function of th(^ iq)plied field intensity even at low levels of field. It also 
depends on th<^ direction in the slab, ami varies from sample to sample. 
The Leedy, Oklahoma chondrite behaved as a somewhat more linear medium. 
It also gave f.lu' same, (airrent deiusity in the long and nuRiimn direction for 
the sanu^ field stnmgth. Th(^ .Leedy, Oklahoma cliondrite liad lower current 
densities by a factor of 10® than the IMainview sample. 

Oondiutivity nuuisun'ments of stoney metooritc^s (Kelley, Arriba, Rich- 
ardson, Rose (!ity, Estacmlo) have been done prtwiously by Everndnden a 
Verhoogen |<>| at (K) cps. The coiwluctivity varied from 2 x 10“® rnhos/m 
for th(^ very stony nuteoritos (KelU^y) to 14 mhos/in for the ones with moer 
metallic phase (lionv. ( -ity). Jt is clear that our measurements of the Plain- 
view and Lm\y chondrites fall within this range. 
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It was also discovered that the conductivity of the PJainview chondrites 
exhibits a rather strong temperature coefficient. In Pig. 2 the temperature 
dependence of one of the samples is plotted. From this graph, assuming a 
straight line, we obtain a conductivity temperature coefficient of 1*3 x 10”® 
mhos/m/C°. 


Current density (amp/nn^) 



Fia. 1. D.o. Electrical characteristics of chondritos at 0. 


Curve 

Chondrite 

Oondiiotion (urw 

A— -O 

Plainview, Texas I 

c 

B—9 

Plainview, Texas I 

b 

c — n 

Plainview, Texas II 

c 


Plainview, Texas II 

i> 

B—A 

Leedy, Oklahoma 

c. 

A 

Leedy, Oklahoma 

b 



Fio. 2. Temperature dependence of conductivity. Plainviow-I cliondrito, c orientation. 
Field intensity == 1 390 volts/inotor. 


imF MBASUBBMBNTS OF PBEMBABILITY AND PERMITTIVITY 

Since the meteorites are not strictly homogeneous, one must bo sure that 
the frequency is sufficiently low so that only a single mode may frc'cly 
propagate in the sample. The multi-mode difficulty prevented us from using 
the rectangular waveguide configuration to determine tho clootromagnotic 
parameters. In the coaxial waveguide there is no cut-olf pi'oporty for the 
principal mode. The cut-off frequency of the next higher ordor mode is 
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controlled by the radii of the cyliiulcrs. Tlie ct)axial configuration was used 
to inoasuro the eloctroinagnotic j>arainetc‘rs in the fi’ccjiiency range from 420 
to 1800 Me. 

There are two wave>giiide techni(iiies available by which to detenu ine the 
complex permeability and permittivity of samples inserted in the waveguide. 
One, called the ‘‘ general ” method, allows sam])les of any length. The 
analysis of this method follows from nieasurements of im])edanco |7] at the 
front face of the sample for shoH circuit and open circuit terminations at 
the rear face. Any two reactive terininations may be used, but the tul vantage 
of using open and short circuits is considerable in that the subsequent cal- 
culations are simplifiwl. The other, called the thin sami)lo ’’ method [8|, is 
merely a simplification of the general method. The sim])lifieation arises from 
the a])j)roximation that, if the electrical length of the sanij)lc is small com- 
pared to a radian, the hyperbolic tangent of the electrical length is ccpial to 
the electrical length itsc^lf. The thin sample method was used foi* all the 
UHF measurements. 

Four chondrite sam])Ies w’cre measured. Two were Leedy, and two were 
Plaiuvicw chondrites. Each t(U‘oidal sample had an outer diameter of 2-540 
cm and an inner diameter of 1-105 cm. Table 3 serves to identify the chon- 
drites. The IMainview toroid broke upon com])loti()ii of the static nu^asurc- 
ments and the Plainview, Texas I and il. listed in the table are new samples. 
The Leedy [ is a toroid that was used for static magnetic measurements. 


Table 3. Identification of the Chondrites 


( ^hnudrUe 

tiwru'pU 

number 

TMcknem^ 

cm 

Plainview, Te.xas 

1 . 

. 0-1 nuf) 

Plainvicsw, Te.xas 

. ji . 


L(*(aly, Oklahoma 

1 

. 0-7 142 

Leedy, Oklahoma 

It . 

. o-2r)r)H 


Both sid(»s of each sample were measured - -that is, a measurement was 
tnade with om^ face turm^d to\va!’<l the generator and anotluu' measurement 
was mad(^ with that fa(^(» t.urned away from the gcMKM’ator. Thus the des- 
cription r "A means that facc^ A of sample 1 was ])r(^sented toward the 
generator, and I B indica.t(‘s that the ()j)p()siie fac(^ was turned toward the 
geiu'rator. 

Th(‘ di(‘l<‘et ric constants (t.b<> real part of i*elativ(^ pt'srmittivity) and the 
loss tang(Mits of tlu^ r!U‘t(M)ritt^ sam[)les measured are listcsd in Tables 4. These 
constants computed using the corrected n'lh^c.tion c()enici<‘nt and 

assuming that / 4 r — 1. Tlin^<^ independent runs wen^ taken on (^a<^h sami)le, 
i.e. thre(^ relhad.ion coefiici(uit.s wenv nieasunHl whosc^ avcu’agc value was then 
corrc(it(^d for tlu' junction elfeet of the transition. H(^p(‘:atal)ility of the runs 
was good. 

The shift of a voltage minimum from em|)ty buc^ condition to the condi- 
tion of liiu^ with sain]>k'! was more or l(\ss random for the ])erm(‘ability measure- 
ment.s. In some <tases the shift was away from tlu^ generator, which was 
expected, and in otluT <ases, tovvanls tlu^ gcuierator, which, in truth, is highly 
imju’ohable. This is evidence of the limit iri tlu^ pn^cisioii of the measurement 
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and amountH to an error in tlie (leterininat ion of tlio nodal sliifb by about 
0-005 cm. The 0-005 cm error was rouglily eoiistaiit i'nv all freciiiencics. The 
maximum fir of the chondrites measured is then, at most, 1-02 in the UHF 
region, and probably is closer to 1, ])erhaps 1-01. 

The error associated with the real part of the permittivity depends 
primarily on the accuracy with which we may measure the shift in the 
voltage minimum, while error in the loss tangent arises from errors in 
determining the standing wave ratio. The shift in voltage minimum could 
bo measured to within ± 0-0()5 cm. This eiror includes the error of ])()sitioii- 
ing the sample in the line. This gives a pi‘obal)le error in the real part of 
permittivity of no more tlian 2 ])er cent. The error in the loss tangent of 
the JMainvi(nv meteorite is of the order of 2 per cent, while in the Leedy 
chondrite it is 20 per cent. This considerable dilference in error is because 
the former nu^h'orite is considerably more lossy than the latter. Higher 
losses mean lower standing wave ratios which lend themselves to accurate 
measurement. 

DIHOUSSION 

The relative j)ermeability of the Leedy chondrite starting from 1-20 at 
D.c. (lecrt^ased ])i*actieally to unity at ultrahigh fre(iiiencies. The same end 
point was also approached by the IMainview sam])le, starting with a relative 
permittivity of 2-04 at n.e. The iron-nickel alloy gi‘ains in the chondrites 
are suscc^ptihle to strong magnetization. Howevei*, tlu^ intervening rock- 
like suhstaiUH^ etlectivc^ly breaks thc! magnetic circuit fi’om grain to grain, 
and thus the ov(M’-all (‘fleet is small. At ultrahigh fr(‘(iiiencies tlu^ v(My high 
conductivity of mcta-l grains shields the interior of the grain from the liclds, 
and thus th<‘ relative* ]U‘nn<^ahiliiy tends to npj)roach xinity. 

The D.o. conductivity of the Leedy chondrite is of tlu^ ordcM* of 4 x 
jnhos/in. Tw<) samples w(‘rc mcsasurtKl from IMainvknv, Tc^xas. One of the 
samples was ntaiivcly thin. The i>.o. c.on(lu<t.ivity varied from 0-01 (> to 
0*115 mlios/in, <l(‘p(‘n<ling on direction, sam|)le, fietd strength, and tempera- 
ture. It is c^l(‘ar that the CMUuluctiviiic^s of the c^houclrite meta)rites are very 
low (u)uiparc‘(l to good com I actors, hut. they are high c.ompared to good 
insulators. 

Thc^ r(‘al part of the relative pcTuiittivity of the two Leedy samplers is 
approximately hctwcHMi 1 1 and 13 from 420 to ISOO Me, with thc^ loss tangc'.nt 
(or loss factor) of thc» ordcM* of 0-03. The* IMainview samplers varied from 25 
to 40 approximatc'ly in the* rc‘al ]mrt of the relative permittivity, with the 
loss tangent of thc^ ordc'r of 0-15. In this mctcuritc^ thcj loss appears to 
ail orden* of magnitude* higher than in the previous one. The uu^asu re m neats 
are* rathea* we*ll r(^pe*atable*. wlK*n th.e sainjiles are re^verseul, indieating that 
they a.p|)e‘ar lairly he>moge‘ne‘e)US at the^se* waveleuigt-hs. A possibles exee^ption 
is the* first sample* from IMainview which had a rather large* iron grain in it. 

It was not possible* to me^asure the |)(rmittivity at 1000 c.ps, l)<*cause the 
eonduedivity is suflieaemt ly large to make*! the displaeemenit eiirrent negligible 
at sueOi a low rr(*e(U(Miey. It follows, of eourse^ that at d.c. the peu'iuittivity 
is evem le^ss significant. 


Soian Tkktitks 

At. this point it is ])crtincnt to summarize lirie^fly the eO(*ct.romagnotic 
nu^asure*niemts carrie^l out by some of tlu* authors | lOj on solid tektites. 
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Dr. E. P. Henderson of the Smithsonian Institution in Washington kindly 
loaned us, for non-destructive tests, six Australites, three Indochinitos, four 
Philippinites, one Moldavite, and a sample of Libyan Desoi’t glass. 

The requirement to preserve the tektites ruled out the standard methods 
for measuring electromagnetic parameters since such methods roquii-e either 
cutting the materials or obtaining the exact solution for the dilFraction field, 
which is patently impracticable because of the iiTegular shai)es involved. 
Thus, in practice, no exact method for obtaining the desired i)anunoterK (^an 
be devised. 

However, approximate measuring methods are available; and if one 
restricts oneself to the Rayleigh region (that is, where one uses an incident 
electromagnetic field of wavelength considerably larger than thc^ major 
dimension of the body to be measured) two methods of measurement are 
feasible. One method is that of obtaining the bistatic radar cross-se(^tionH 
for various polarizations and from these deduce the electromagnetic })ara- 
meters. The second method is based upon perturbation of resonant frequency 
and Q of a resonant cavity, when a body is placed inside the (cavity. 
The electromagnetic parameters of the material can be calculated from the 
changes in value of the cavity parameters. The second method aj)x)eai*c‘d to 
be both more accurate and simpler than the first, and was chosen for tIu‘S(^ 
measurements. 

The tektites were between 2-7 cm long and a wavelength of (>() ctn 
(500 Me) was used, thus assuring that we were well within the Rayleigh 
region. In these tests each tektite was approximated by an e(|uivalent 
ellipsoid, and in the results each axis, i.o. a, 6, c, htid a uniquely polarized 
internal field, and a somewhat different permittivity. The real part of tlio 
dielectric constantf for these glasses is shown in Table 5. I'^hc* diflereiKH^ 
between Sample 20 which is the Libyan Desert glass, and the tc^ktitess 
should be noted. As had been suspected, the pcrmcal)ility of thct tc^ktih^s 
was so low that no significant shift in the resonant frcquc^ncy of tlu^ cavity 
could be detected when permeability tests wore made. 

Permittivity as a Function of Particle Sizk 

An investigation was made to determine the manner in which permittivity 
varies as a solid sample is reduced into finer and finer fragjnonts. For tlu^ 
materials to be reduced sea sand (which is readily available in various grain 
sizes), plate glass, tektites from Bohemia, a Plainvicw chon(lrit(s basalt 
(New Jersey), scoria (Oregon) and pumice (Utah) wore selected. 

The ordering of the gi*ain sizes was done by the use of standard si(*v('is. 
The range of particle sizes in each batch thus obtained is given in Table' (). 
It is clear that such an ideal grading of particles as shown in tlu^ ta bh' coiild 
occur only if they were spherical. The gi*ain shapes varit^cl, sonn*! wen^ 
cubical, some spherical, some spheroidal, and some s])lint(a’likc\ ’[Fhus the 
boundaries are to be taken in a rough sense only. The l)atch containing the 
smallest particles is labeled as dust. No sieves were available to cistablish 
the particle size accurately because the particles were excccHlingly small. 
To get a distribution curve a microscope was used to moasTirc^ ])ai*ti<^l(^ siz('s 
and to count the particles. Most of the particles were about 1 /i in sizi^ for 
the dust grade. 

t Dielectric constant is equal to tho relative permittivity. 
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Table 5. Real part of the Dielectric (Constant of Tektites 


Tektite 

Polar 

Polar 

Polar 

Average 

No. 

a 

b 

c 

17A 

wm 

6-29 

5-67 

6-53 

17B 

5-37 

ij-55 

8-31 

6-41 

17C 

()*77 

6-21 

6-97 

6-65 

17D 

5-81 

5-32 

8-03 

()-39 

17E 

r)*(i2 

6-14 

7 -OS 

6-58 

17P 

5*48 

6-86 

9-27 

7-20 

ISA 

7d)2 

5-96 

5-88 

(>•2!) 

ISB 

5-92 

6-97 

7-66 

6-85 

ISO 

5*54 

5-74 

(5-73 

6-00 

11) 

f)-37 

(M4 

0-77 

(b09 

20 

3-88 

4-54 

4-05 

4-10 

21A 

(bio 

(J-10 

()-08 

(VO!) 

21 B 

54)2 

7-66 

8-04 

7-41 

21(1 

7-43 

6-79 

6-07 

(V7(l 

211) 

(b42 

7d9 

7-81 

7-11 


Th(^ ])arti<^l(^-size distribution for the four dust grade ])()wdorH shown iti 
Table 7 obtained ])y the inierosco])e method of jneasuronieiits in which 
an attoni])t was inad(^ to classby the individual particles as to nominal siw^ 
in 5 or 10 /i increments. A small amount of powder was plae.ed in a <M)ntainer 
of acetone and mixed vigorously. U])on ])laciug a drop of solution on a glass 
specimen slides the ac^etono evaporated leaving the dry parti cl (^s dis”|)erHe{l 
over a cunudar iirea. N(utlier the density nor the mixtures of the particles 
was constant as oru^ movcKl From the outer rim to the center of the (‘ireidar 
patch. '!rhe liner parti(^l(\s were gr()U])C'‘.(l at tlie outside sti'i^), and as one 
moved towards the ecuiter, the pro])oi*t.i<)n of^the bigger particles inc^c^ased. 
Starting approximately from one-third of the radius, tlie ])arti(*le demsity 
was pra<*.ti<*.ally zero. Tlie particle distribution was approximately sym- 
metrical along the direction of circumferences The i)aTt^^icil(w wore ciounted 
ill two narrow tracks normal to each other, using a ini(jroscopo. 
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Table 6 . Grading of Particles 


Orain Size 

Range of Particle Size, microm 

Maximum. 

Minimmn 

7 

0000 

2000 

C) 

2000 

840 

5 

840 

420 

4 

420 

177 

3 

177 

00 

2 

<)0 

44 

1 

44 

2 (a])xn*ox. 

Dust Grade 

50 

0-1 


Table 7. Particle Size Distribution for the Dust Grades 



Frequency of occurrence in qye.r cent 

Material 

0-5iJ. 5-10/i 10-20;* 20-30/* 30-40/* 40-50/* 5()-(50/* 


Sea Sand 

. 98-52 

1-0 

0-4 

0-70 

— 

0-01 

— 

Plate Glass . 

. 76-8C 

12-7 

7-1 

1-80 

0*77 

0-03 

0-14 

Tektite . 

. 87-03 

9-8 

2-7 

0-30 

0-05 

0-05 

0-07 

Plainview, Tex. 
Chondrite . 

. 90-23 

3 

0-0 

0-09 

0*02 

0-()3 

0-03 


The method used for grinding each BX-)ocimen should bo })()inh'i(l out, since 
the contamination of the sample is an over x)rescnt j)i*oblcin in the grinding 
process. As obtained, the sea sand was in grade 5 xmrticlo size. It was ground 
in a porcelain ball mill partially filled with pebbles and then gradoid into 
batches using the sieves. The dust grade was ground from gvadfi 1 sand ; 
hardened steel balls wore used in the ball mill. No iron contamination could 
be obseiwed using a strong permanent magnet. 

The plate glass was crushed by hand using a pair of pliers. The fii’st four 
grades were obtained in this manner. They were subsequently gi*oiind to 
finer powders in a ball mill. Plint ijcbbles were used for tlie tii'st three sizes 
and hardened steel balls for the dust grade. A small amount of iron con- 
tamination of the glass dust could bo observed by omx)loying a strong 
permanent magnet. The glass particles had a tendency to bo splinterlike. 

Six small toktites from Bohemia wore purchased from Ward’s Natural 
Science Establishment ; one was saved, and the rest wore first crusliod and 
then ground into dust with a mortar and pestle. Thus the contamination is 
very small for the tektite dust. 

The Plainview chondrite was ground in a hand mill with cast-iron grinding 
plates. The meteorite was relatively soft so that it is believed that tlio con- 
tamination problem is not a severe one. However, the magnetic test could 
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not be applied since the meteorite is ori^iiuilly iim^netie. The dust grade 
chondrite was obtained by grinding the total availjible in all other grades in 
the porcelain jar mill, using hardened steel I mils lor grinding action. 

Tho New Jersey basalt also was gi’ound in the hand mill. Unturbunately, 
the hardness of basalt w'as such that some of the cast iron was worn away 
from the plates of the mill and became i)art of the fragniontizcd sample. 
The main iron impurities wore easily removed magnetically from grades 
4, 5 and (i because froii particles were much more magnetic than tho basalt 
particles. However, practically all particles in grades 3, 2 and 1 seemed 
magnetic and the elfectivcncss of the magnetic cloan-up is not known. With 
respect to tho problem of contamination, an unsuccessful attempt was made 
to establish the relative amount of magnetic material in tho basalt. A small 
piece of it was ground to line pow^der with a mortar and j)estle, guaranteeing 
zero iron contamination. The relative amount of magnetic material was 
then to be established in the uncontaminated sample. However, all tho 
powder seemed to respond to a permanent magnet, but not quite as ener- 
getically as tho fine sam])le from tho mill. 

The scoria w^as found to bo slightly magnetic and use of the gi*inding mill 
was avoided. The sample was fragmentized mainly by crushing in a steel 
vice, and iron contamination is small. Ihimict) is quit(^ soft and was reduced 
to powder l)y meredy rubbing two blocks of the material together. 

The sea sand and ])late glass could be considorod as homogeneous, and 
tlius tho different givules are of the same material. On tho other hand, the 
chondrite, the basalt, the scoria and tlic xnmiieo consist of dilferent minerals 
of various hardness and toughness so that upon (pushing one may exx>ect 
them to fragmentize profeixmtially. Upon grading the crushed sam])le by tho 
sieves there was uo guarantet^ that each grade would contain the grains of 
each mineral in th<^ sanu^ proportions as in the solid Hami)lo. It is extremely 
difficult to get rid of this variable. This problem exists in all the grades, 
except the chondrite (bust, which represents the wliole tuctoorite. 

Two coaxial sam])le holders, different by a factor of 4 in vohinie, were 
fabricated of alumimun. (Jiianl rings were jirovided to insure that fringe 
cax)acitanc(^ was not tuitering into tho (ia])aeitamHt measurements. A samx>le 
of carbon tetrachloride was measured in both sample holders as a check and 
its permittivity found t-o witliin 3 jier cent of the accepted value. Thus it 
is felt that th(^ nuxisui’ements reportcxl are accurate to the same order. 

Trior to nu^asunumMit ctach sample was lieated in an oven for at least 
30 minutes at 105 110" V. In many instances the samples were hetated for 
greater lengths of tinu^ It was diseoven'ed that measurements on a given 
sample vv(n•<^ r('!])eal.able whether it has been stor(xl in the oven for a half- 
hour or for 2 days. It is felt that the half-hour period was ade(piato to guard 
against moist ure eondemsing on the part.iel<’> surfaces. 

The sampler holder was ])la<?ed in a vertical xxwition and was loaded with 
the graded ])artic*Ji'!S through a funnel, (lare was taken to let tluMU fall 
naturally into th(» cylindiu’ in ord(U’ to get as low a packing factor as ])ossible. 
Grade 1 of both sand and glass particles exhibited a teiuUmcy for the ■j)ar- 
ticlas to cling together. It was thought at first that not all the moisture had 
boon driven oil* the samplcw. However, afti.^r 15 hours of vacuum heating 
at 1S0"(1, the clinging nature had Ix^cm reduced but slightly. The only 
explanation that w<^ can oiler is that the ])arti(des accpiire charges which 
give rise to interpart.icl(» attrn<*I.ion. 
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Packing factor is defined here as the ratio of the density of the reduced 
sample to the density of the material making up the particles. The density of 
the reduced sample is evaluated from the knowledge of the weight of the 
sample which filled the known volume of the sample holder. Table 8 lists 
the densities of the materials upon which the values of packing factor arc 
based. Since pumice and scoria are porous, the packing factor is less than 
unity for the unfragmentized state. 


Table 8. Densities of the Solid Materials 


Material 

Specific gravity 

Cheap Plate Glass 

2-49 

Sea Sand .... 

2-64 

Moldavite .... 

2-37 

Plainview, Texas Chondrite 

3-61 

Basalt (New Jersey) . 

2-96 

Scoria (Oregon) 

2-58 

Pumice (Utah) . 

213 


DISCUSSION 

Table 9 summarizes the relative permittivities and the })acking factors 
obtained from the measurements for the various grain sizes. The result was 
obtained from three measurements which were averaged. The ro]>eatal)ility 
was good. In general we observe that the relative permittivity decreased 
with the particle size. Also the packing factor decreased with the paiticlo 
size. It was observed that for particles larger than 109 the permittivity 
did not depend on moderate tapping of the sample holder. Howenu^r, for 
particles less than 100 /x in size a significant increase in the relative pc^niiitti- 
vity of all materials could be brought about by tapping the sampU' lioltlor. 
For example, by a gentle but prolonged tapping the rc^lativc^ ]>c^rmittivity 
of Grade 1 sand was increased from 1-94 to 2-58 and the (?orres|)onding 
packing factor from 0-355 to 0-580. Similar results wore moanured for plat.e 
glass. The relative permittivities listed are the minimum values ol)tainal)lo. 
The smallest relative permittivities obtained were practically tlu' sanu^ for 
sand, plate glass, moldavite, and pumice, with the Plain view ehondrite not 
very far behind. 

The relative permittivities presented in Table 9 may be plottcMi tuther as 
a function of particle size or as a function of packing factor. R(^lativ(^ ]:)or- 
mittivities as a function of particle size are shown in Figs. 3 and 4. The 
particle size plotted is one which was judged to bo the most ]>redoininant in 
each grade of particles. The range of permittivities obtainable for thc! same 
powders is shown as solid segments for sand and glass particles. This 
property of the particles is not indicated on the graphs f'or the oth(U‘ mat.erial.s, 
but it is to be understood. For sand, plate glass, and chondrites thc mesasured 
points are joined by a dashed curve to indicate the expected behavior of th(» 
relative permittivity as a function of particle size. For basalt, s(U)ria, and 
pumice the relative permittivity does not decrease uniformly with th(^ i)ar- 
ticle size. This may indicate preferential fragmentation upon rodxieing the 
sample so that the particles in each grade do not represent correctly tho projKT 
proportions of the minerals in the solid specimen. In addition, for those 
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Average particle size (//.) 

Kid. U. Kolut.ivo porniiitrivity vh. jKirtidlo » vao . 



Average particle size (//) 


Km. 4. IG'lativo p(M*iuii(.ivit.y vh. Hiz<^ 



I’d* hni| tdf t < ir 

Km. T). U(*In< iv(‘ ixM’iiiiUiviiy vh. ]>ii('kiiig favt-or far hjmkI (u(. I (MM) qw). 


matc^rials it was viM-y (liHiciilt to (Nstiinato t.h(^ pn^poiKlcM’iint part mlo sto for 
the filler po\v<l(Ts sfiown. To (‘inpliasizc^ th(‘S(^ ohscTvations tlu^ uK^asurc^d 
lioiiits liavi^ not Ikhmi (H)iin(‘ci(Ml by a dotted ourve. 

If tlu*! ivlativi^ ptTinit.tivity is ])lot.t(Ml as a func.tion oftho ^lacking factor, 
it is obscirvcMl that for tlu^ rciduccd iniittM*ials the r(^Iativ(^ ])mnittivity is to 
first or<l(M’ a liiUNir (iiiustion of tlu^ pat^kin^ factor. As an illustration, tho 
sand n^sults arc shown in Fig. 5. Tho oiid-iioints of tho curve arc known 




Table 9. Relative Permittivity of Fragmentized Materials at 1000 cps. 
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^ "vu "w fen 'w fe, 


Explanations : F — ^Packing Factor, cV = real part of relative permittivity. 
u (a — ^ratio of conductivity to angular frequency, 
t Taken for fused quartz (9) 

J Solid sample permittivity. 
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and the expected curve joining the oiuUi)oinis with the measured ])oints is 
shown dashed. The curve for the sand is soinewlnit niori^ linear than for the 
other materials. From this curve it is eoneliuled that if by one means or 
another one can reduce the packing factor then the relative ])erniittivity will 
also be reductM.1. 

Packing factors for congregations of particles which are not s])luH’ical 
and which ai*e not of the same size have boon int>asurccl here. Jt is int(U’wting 
to note that for solid spherical ])ai*ticles of identical size, one may easily 
compute the packing factor. Two limiting cases are distinguished. If the 
spheres are stacked in a (aibical lattice, then a s])herical particle is found in 
each cuhe whose (^dge is tJio diameter of the sphere. The volume of the spliero 
to that of the enclosing cuhe gives the packing factor which comes to ir/h, or 
0*524. This is the lowest packing factor obtainable with all sj)her(^s in 
contact with each other at four ])oints. It is indei)endcnt of the diameti^r 
of the s])here. The highest ])aeking factor is obtained for the tc^traJuxlral 
lattice which follows from the cubical lattice if alternate lay(M*s ol’ spIuM’es 
are shifted in the diagonal dii'ection a distance vvlu'vc^ a is t.lu^ ra<lius 

of the sphere. Each layer then would rest in the holes of tlu^ low(n* lay(M‘, 
and the packing factor for this configuration is or 0*740, again 

independent of s|)here size. It seems intuitively obvious that if i(l<MitieaI 
spheres are dumped in a container that they will ap|)r()a(^h a packing factor 
of 0*740. Our measurements show that when the pai*t.icles are not spluM’ieal, 
considerably lower packing fa(dx)rs are obtainable than for tho- splicn^s, and 
that the ])aeking factor depends rather signifie-antly also on the; partii^h^ siz<^ 

The lowest packing factors are reached for the dust grad(^ |)owders, for 
which the ])ai*t'i(^le size is of the order of tlu^ wavelength of light. For tlav 
reduced materials, as already observed, the dielectric! constant is t-o 
order a linear fuiu^tion of the ])acking factor. As the packing fa<ttor b(‘(^om<'S 
zero th<^ dieleetrie constant would become unity, and oiu^ would be t(Mn|)tc<l 
to deduce that by making tlu^ particles size suttieiently small one? (H)iild 
])ro(hiee tlu' ])acking factor vanishingly small. nowev(M’, this does not. seem 
to be the cas(‘. Upon closer examination of Table f) it is s(^<ui that- for sea 
sand the packing factor has ohangcnl but little from (irade I t.o <lust gra(h\ 
})ut the ])red<)minant partich^ sizes <lin(T between the two gra(h‘s a.t l(»ast by 
a factor of 10. The packing factors also he(M)me very sensit ive 1<> tupping 
the sample! holder, as alr(‘ady nuMitioned, as t lu^ grain siz(^ l)(»(Mnnes h'ss than 
100/1. Jt was also obs(a‘V(Mi that the low ])aeking factor of No. 1 and dust 
grade apptvired to 1)0 partially caused by the air trapped between th<‘ grains. 
For Ch'udc' I sand this was c()iifirme<l iii a separate expe^rimeut. vvlnt^h showt^l 
that the minimum packing fa<rior at an air pressure (M|ua.l to I min of Ilg 
was higluT by 35 p<M‘ ecnit than the minimum ]>acking factor at. normal air 
pressure. Ilowevcw, it is to b(‘ expcutc'd that l)y making t.lu^ grain size* eon- 
sidtu*ably h^ss than 1 /i one would have adust whicih c^oiild he kc^jt in agitation 
by the air moleciilc^s and tlius heeotne a gas of a sort. In this ctaso the pai^king 
factor would he vtu*y cjlose to zeu’o. 

The loss tangcuits of the rciduecicl materials also wcm'o mc^asurcMl. I'h<‘sc 
wc^re indepcMidc'ut of jiarticlcss size! for all tLXc^ejit basalt, 'fabler 10 lists the 
loss tangcuits of those matcu’ials for which loss tangemts wcu’t^ constant. In 
the case of basalt, Table II, the loss tangiuits decreasc'd with grain sizes 
This may show that there was some! ^mdercmtial fragnu^ntation oft.he basalt 
upon reducing. 
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Table 10. Loss Tangent of Fragmentized Materials 


Materiod 

Loss tangent 

Sea Sand .... 

0-04 

Plate Glass .... 

0-05 

Moldavite .... 

0-02 

Plainview Chondrite 

0-05 

Scoria (Oregon) . 

0-04 

Pumice (Utah) . 

0-04 


Table 11. Loss Tangent of Fragmentized Now Jersey Basalt 


Grain size Loss tan^etii 


Solid 0-444 

6 0-114 

5 0-101 

4 0-105 

3 0-094 

2 0-068 


Books anb Minebals 

Permitti-vity and conductivity were determined for foity-four nxtks and 
minerals which were obtained from Ward’s Natural Science EstalilisluiKuit, 
Kochester, New York. The classifications of tho minerals are Wanl’s. 

In addition, petrographic analysis as well as analyses to (h^termiue speed 
of sound in the rocks and the density of the rocks wen> made under sub- 
contract to the Rensselaer Polytechnic Institute. Tho eontrilmtors to tli<» 
program were, T. S. Ahrens, J. R. Dunn, F. B. Gerhard, Jr., S. Katz, and 
J. L. Rosenholtz. 

Shear wave analysis is now being undertaken by them. Tlunr work 
should be considered preliminary; but, on tho other hand, the authors find 
the results reported are worthy of being correlated with th(» eleetronuvgnetic* 
results that are obtained for the same rocks and for this reason tlunr work is 
included in Table 12. 

For electromagnetic measurements twenty-one of the saini)l((s were cut 
into 3 in. X 1| in. x J in. slabs while the remaining twenty-five were cut into 
IJ in. xj in. X J in. slabs: variation of thickness in all slabs was less than 
10-8 in. 

The two faces of each slab were coated with a silver paint, such as it used 
for printed circuits, in order to produce equipotential faces during the tewts. 
Porous samples and those which were highly conductive, were not so coated 
See Fig. 6 for a flow diagram of the experiment. 

Before testing, the samples were heated (in an oven) at 110° C for 20 
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mi 

hours. After this heating, samples wore stored in eappcxl jars eontaining a 
desiccant until tested. Tims, it is beliovtHl tliat any eneets of inoisturo on 
results of these tests have hecMi mininiiztHl. Tn s()nu‘ earlier measiinmuMits, 
the dielectric properties and conductivity of sevei'al unbaked sam]>le>s \v(^re 
measured. It was found that the results wore highly do])(ui(l(Uit upon 
moisture content. In general, the permittivity and conductivity of the 
unbaked samxdes were about double that ro])()rted hc^rc. 

It was found tliat the dissipation factor of heated-storod samples is 
approximately lialf that of samples stored openly in the ambient atmosplu're. 

IjOss tangents were computed from dissipation factors read from the 
im])cdance bridge. 

Since, as has been noted before although the reasons are obscnirc! (see for 
example, Reference 11), conductivities of materials of theses ty])es (*.ha.nge 
with time, resistance was measured at lb sec. and 1, 2, and 3 min alien* 
application of the electric field. Ten-second and 3-min readings an^ in'ieordcHi 
in the tables as Initial and Final Conductivity rc'JS])ectively. 


Meaiture conductivity 
along the three 
w possible orientations 


Meosurerment piocecjijri* lur 
'/<! in. ^ Ij/on. ^ 'iin. group ».*f !pimiplt‘r* 


High 

conductivity 



Measure i 
conductivity • 


Measurement procedurw fwr 
'/ft in, X l '/2 in. l!«^2in. group of sciniplcs 


Store at 110^!, 

Make initial 


for no If* Si. 

► I check of 


than 20 hour'. 

1 conductivity 



MHuim 



« (.(fiduUivity 






Low 

toruliH tivity 


along the three 
possible orientations 



Apply coating, store 
in oven no less than 


Measure 

dielectric 


1 hour, let cool 


1 . on slant 


Apply coating, store j 
in oven no less than I 
I hour, let cool | 


Measure • 
dielectric | *- 
constonl I 


MetjMire | 
LundiK tivity I 

i 


Apply (oatinq, store 
in oven no less than 
I hour, let cool 


Apply coating, store 
in oven no le!»‘. than 
I hour, let tool 



Men surf* 


dielecUii 


constant 


I I \ 

1 I MenMJi e I 

i ►* i dielectrii. 1 ► 

1 I rc»ii',taril ! 

1 I I 


MeciMire n umIiiv tivlM 
olitiiq the 'll wtr test I 
t|imeii'ii( tn 


I MeOMire 
; ('(.tiidui tivity ’> 


Kkj. (I. Klow (liagnmi oft^liM'trouitigtHMio iiuMtsuroinoiilH. 


Ten siHMtnds is iht^ minimum ])raciicablo, since this tinu^ is n*<iuiiv<l U> 
maniiuilatc the cont rols of tln^ bridge. 

Samples having conductivities on the order of 10 mbos/nu^f ur may be 
in error by as much as 30 per et^nt, whih^ those sampb^s ha ving comUudivilies 
on thcj onl<T of 10 are i)<^li(*ived to bo aeeurato to vvitliiii 5 per e(‘nt ; loss 
tangents near 10 an^ accurate to about 10 ptM* cent vvhiU' those lu^ar 10 * 
are acoiurati^ to within 5 per (tent. 

In ettrtain of tint sam|)les (30, 30, 37, 2K, 42, *14 and 45 in the> tal)l<*s) eou- 
ductivity was incwurtul along the long (3-in.) axis. It was imf)ossibl<‘ to 
measunt tint diitlec.iric constant of sampk^s 35, 37, 28, 42 and 44 dut' to the 
high conductivity of tlutso samples. 
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CoN<Jl ATS IONS 

We coiicludo that the iiuiteoi-itc^s, toktitt^y., >j;la.'.s(s juid ronkM as found on 
Earth do not have corrtu^l. oloctroiuaj^iiotie propt^rt-ies to ho akin to the mater- 
ials as found on the outer layer of the surfaco of the Muon. Wo find that by 
crushing materials so that \vo obtain particle sizes which are in tho rogioas 
indicated by oiitical, infrared, and j)assivo inicrowav'i^ data, tho electromag- 
netic constants ai)proaoh those values obtained by oloctromagnotio diagnostics 
of tho lunar surface. Wo fool that tests under vacuum conditions similar to 
tho vacuum (joiulitions found at the lunar surfaco lYiight easily reduce the 
eloctro magnetic constu-nts of soims of tho materials, under loosely packed 
conditions, to values in the exploited region. This work is continuing. 

Tho oloctroinagneti(i constants of the meteorites, rocks, and tektitos have 
boon measured and we find that, especially for meteorites, tho results are 
sufticiently diUbnmt to lie worthy of note on their own merits. Eor o.xam])lo, 
tho nou-linoar pi’opiu’ty of the electromagnetic conductivity for certain 
stony meteorites was (piitc unexpected. 
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